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Abstract
This thesis investigates over tip leakage where the tip clearance is large. In the
high pressure stages of axial compressors the tip clearance can be typically 6% of
span and the total blockage due to tip clearance can consume in excess of forty
percent of the annulus height. Experimental and computational investigations of
large tip clearance in a linear cascade have been used to investigate this phenomenon.
Two cascade builds have been used the first (Build A) consisted of a controlled
diffusion aerofoil of low stagger and thirty degrees flow turning. The second cascade
(Build B) consisted of an engine representative design with high stagger and around
ten degrees of flow turning. The diffusion factor of both cascades was around 0.3.
The major findings are that: Large tip clearances have a smaller detrimental influ-
ence on single row performance than the previous research would have suggested,
for Build B the loss at 10% tip clearance was the same as the 0% tip clearance
loss, though the overall flow turning was much reduced. An increase in blade load-
ing towards the tip was observed with both builds. Both these phenomenon were
attributed to the small amount of movement of the over tip leakage vortex.
An engine representative level of inlet skew was implemented using upstream
injection so to assess its influence. This was found to have a remarkably small
influence on the performance of a single row with the tip clearance and geometry of
the blading having a much greater influence.
Finally a circumferential grooved casing treatment was applied in the linear
cascade but this was found not to be an appropriate tool for such an investigation.
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Introduction
Over tip clearance flows account for a significant percentage of the loss within com-
pressors. These flows occur within axial compressors over the tip of non-shrouded
compressor rows and they vary significantly along the length of the compressor. This
work investigates clearances found within the high pressure stages of industrial ax-
ial compressors such as Alstom Power’s GT26 series used for gas powered electrical
generation. Within these stages, unlike within the low pressure stages, the relative
clearances are high. The aim of this thesis was to further the understanding of these
flows and the resultant loss to enable techniques to be developed to reduce their
adverse influence on compressor performance.
Gregory-Smith [2003] reviewed end-wall flows in axial compressors for Alstom
Power and found limited literature associated with large clearances in the high
pressure compressor stages. Following this Walker [2004] and Walker et al. [2005]
computationally investigated these flows during a final year project at Durham Uni-
versity. This preliminary work by Gregory-Smith and Walker lead to this thesis.
This work contributes to the vast research area surrounding clearance flows
within axial compressors, specifically the area of large clearances in the region of
6% span within the high pressure axial compressor. Few authors have approached
such clearance sizes, perhaps because this type of clearance is not found within
aero-engines. The common design principle is to ensure the clearances are as small
as possible to reduce loss and ensure maximum performance; this is indeed still the
case within the high pressure industrial stages. However, because of the short blades
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the clearance is relatively large as a percentage of span or chord.
The HP compressor is an integral part of some industrial axial compressors such
as that found within Alstom Powers GT26 and GT24 series. Because the annulus
height is small the blades are also short and this results in a relatively large clearance
over the end of the blade. Also the blade span to chord ratio (blade aspect ratio) will
be close to one. The clearance is required due to the relative movement between the
blade casing or hub depending if it is a rotor or stator. The clearance gap required
is due to the relative thermal expansion of the blade and the casing. The clearance
allows for flow to pass over the tip of the blade which then forms a complex flow
structure within the endwall region. Through viscosity of the air a loss occurs in the
form of increased entropy and therefore decreased pressure rise. The understanding
of such flow features and therefore how the loss can be reduced will allow for higher
pressure ratio and lower loss compressors of the future.
This thesis presents the result of a three and half year program of research at
Durham University. Collaboration with Alstom Power (Switzerland) enabled the
project to use engine representative geometry and bring industrial relevance.
This thesis aimed to:
A - Investigate the influence of large clearances on compressor blade row loss and
performance.
B - Investigate the influence of geometry.
C - Investigate the influence of inlet conditions and inlet boundary layer skew on
clearance flows.
D - Investigate methods for reducing the loss and blockage associated within the
endwall flows of such compressor rows.
To investigate this, experimental and computational studies of linear cascades
were undertaken. The use of linear cascades allowed for relatively cheap and quick
measurement to be carried out. The other advantage was that measurement of total
pressure and flow angles can be achieved with straightforward methods. RANS
computations using an in-house code allowed for further in-depth analysis.
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Two linear cascades were used within this work. The first called Build-A, was
an existing cascade previously used by Yang [2004]. This consisted of low stagger at
14.2◦ but high turning of 30◦ and the inlet boundary layer had a fairly high skew but
low thickness. The second cascade called Build-B, was more engine representative
having a higher stagger of 46.5◦ and lower turning of 10◦. Build-B had a unique
upstream tangential injection system to control the inlet boundary layer skew and
thickness; two configurations were used firstly the natural cascade skew inlet which
was thin and lowly skewed (called ‘natural skew’) and the high skew inlet which was
approximately 20% of the span thick and skewed by 10◦ (called ‘high skew’). The
second cascade was later modified and circumferentially grooved casing treatment
implemented (called Build-B1).
The following activities were undertaken:
• Refurbishment of the existing cascade (Build-A) for the purpose of tip leakage
flow investigations.
• Design and manufacture of the second cascade (Build-B).
• Set up of both cascades to ensure quality uniform inlet flow at the required
design condition.
• Modifications to Build-B for the testing of circumferential casing treatment.
• Implementation of instrumentation and software for cascade testing for both
cascades.
• Extensive 5-Hole pressure probe traversing for both cascades upstream, within
the passage and downstream of the case.
• Blade static pressure measurements.
• Computational validation
• Computational investigation of the effect of relative endwall motion as within
a real row.
• Computational investigations of the clearance flows within both cascades.
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The work within this thesis has been the subject of a number of conference
and journal publications (Williams et al. [2006, 2008d, 2009]. Much of Build-B’s
work was also reported in a series of reports for Alstom (Williams et al. [2007a,b,
2008a,b,c]).
This thesis contains the following chapters:
1. Introduction -
2. Literature Survey - Explores the wider context of compressor over tip leak-
age flows, and concentrates on literature which is applicable for the high pres-
sure stage tip clearance flows. A review of treatment methods and possible
application within compressors is also undertaken.
3. Experimental Methods and Techniques - Describes the instrumentation
and processing of the experimental data and introduces the design and flow
condition of both cascades.
4. Build-A, Results and Discussion - The computational techniques are pre-
sented and a study of the effect of endwall motion made. The experimental
and computational results are presented and discussion and conclusions drawn.
5. Build-B, Results and Discussion - The experimental and computational
results from Build-B are presented, and discussions and conclusions made.
6. Build-B1, Casing Treatment - Circumferential casing treatment was im-
plemented to Build-B, the design of which and the results are presented and
discussed in this chapter.
7. Overall Discussion - The results from the thesis are compared and con-
trasted together and comparison made with the wider literature.
8. Conclusions and Recommendations - Concludes the thesis and recom-
mendations for further study are made.
9. Appendices - supplementary data and information.
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The next chapter (Literature Survey) places this work in the wider context and
explores the literature surround large clearances within the high pressure stages of
industrial axial compressors.
Chapter 2
Literature Survey
2.1 Introduction
This chapter explores the literature surrounding tip clearance flows within industrial
axial compressors. Specifically this chapter will concentrate on the over tip leakage
flows within industrial axial high pressure compressors (HPC’s). The other flows
affecting the tip clearance flow will also be explored with an initial description of
how loss through the compressor is generated. Much of the published tip leakage
specific work involves aero-engine applications. The industrial axial compressor
specific literature was much smaller and so aero-application literature is related to
the industrial compressor context. High pressure low speed specific literature was
also limited and so much of the following literature involves transonic compressor
stages. To distinguish the need for this work the tip clearance flow differences
between the low pressure and high pressure stages will be explored.
Experimental linear cascade testing and computational fluid dynamics (CFD)
techniques were used for this work and so these methods and their uses will be ex-
plored and the different tip clearance modelling techniques. The difference between
linear cascades and rotating machines will be discussed. Finally methods for reduc-
ing the adverse effects of tip leakage and endwall flows will be reviewed, especially
focusing on casing treatment methods. A selection of the more promising methods
will discussed and examined for there applicability within HPCs.
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2.1.1 Wider Impact of Turbomachinery
Industrial gas turbines are used to generate electrical power. The principles of op-
eration are similar to aero engines and well known; air is compressed (Compressor),
fuel is added and combusted (Combustor), then the hot gasses are passed through
a turbine. The turbine then drives the compressor and a generator to produce elec-
tricity. In the case of an aero engine the turbine drives the compressor and a fan
to provide the propulsion. Although in principle the machine is simple, in reality it
is very complex and requires huge effort in the design and operation. Operational
efficiency is of paramount importance to ensure an economically and environmen-
tally sustainable plant. A large gas turbine may produce in the region of 300MW
of power, for example Alstom Power’s GT26 produces a gross electrical output of
288.3MW which when used in a combined cycle power plant will produce more than
400MW. The overall efficiency of such a plant is therefore important; a 1% decrease
in efficiency from a 400MW plant will reduce the power output by 4MW. This is
approximately the size of two large wind turbines and would incur a significant
penalty in profits. Not only is there a penalty in profit but also of harmful emissions
to the atmosphere which can be lowered through efficiency increase as well as new
technologies. This explains the motivation behind this work.
2.1.2 Industrial Axial Compressor Design
The purpose of the compressor is to increase the total pressure for the combustor. Air
enters, usually at atmospheric pressure and exits to the combustor at an increased
pressure. The aim of this is to create the highest possible pressure for a given work
input. Axial compressors contain rows of rotors and stators, the rotors rotate with
the rotor and the stators are fixed within the casing, a rotor and stator pair is termed
a stage. Within an industrial compressor the stages can be classed within three
sections; the low pressure (LPC), intermediate pressure (IPC) and high pressure
(HPC) stages. Typically there may be upwards of 30 stages within the compressor
and a pressure ratio larger than 1:30 as found within Alstom Power’s GT26.
Industrial engines like the GT26 have a single rotor; this is due to the size of
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such engines and the mechanical challenges and cost of splitting the rotor on to
several shafts as undertaken within aero engines. The consequence is that all the
parts must rotate at the same speed making it difficult to design to an optimum for
every stage and therefore a compromise is required. Another restraint is that the
rotational speed must match the generator which for most geographical locations
needs to be 50 or 60Hz. Other requirements for the compressor exist, including: high
durability; high efficiency; size and weight; cost of design and manufacture; reduced
development and testing; and secondary services e.g. bleeding of the fluid prior to
the HP. All of these require a compromise in design, for example the optimal design
for aerodynamic efficiency may not be practical from a mechanical and engine life
perspective.
The early LPC stages take the air from the inlet, usually at atmospheric pres-
sure, and significantly compresses it. The flow within these stages usually has a
Mach Number greater than unity meaning that the outer section of the passage
is dominated by shocks. The flow within these stages is therefore sensitive to the
boundary conditions and usually where the compressor will stall. The IPC stages
take the pressure from the LP stages and further increases the pressure, within these
stages the flow has a Mach number less than unity and therefore is inherently more
stable posing less of a problem to the compressors stability.
The air enters the HPC stages from the IPC and exits to the combustor. Typ-
ically, as with the GT26, there may be 6 stages. The stage loading within the
HPC is low and may only increase the pressure over the 6 stages by only 1:1.5. To
ensure a relatively constant axial velocity through the compressor with increasing
fluid pressure and density, the annulus area is reduced. Also to keep a high blade
speed and therefore the work done high the hub radius is increased. Within the
later stages, because of the low loading and therefore small change in density, the
change in annulus height within the HP is small.
At the end of the blades, due to the relative motion, a clearance exists. Within
the LPC the clearance is relatively small compared with the span or chord but
within the HPC, because of the short length of the blades, the clearance is relatively
large. The size of the clearance is set by thermal expansion and movement of the
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blades. These clearances and the flow features that follow create loss and affect the
operating condition of the compressor. The causes of loss within a compressor is
explored next followed by the flow physics of the flows through the compressor.
2.2 Loss
The loss within turbomachinery is now considered. Losses directly influence the
efficiency of the compressor. As argued by Denton [1993] loss sources in turboma-
chinery are difficult to quantify and therefore it is important to have a physical
understanding of the flow and origins of loss. For adiabatic flow (as can be assumed
in compressors) loss results in a rise in entropy and reduction in stagnation pres-
sure. Therefore the loss reduces the stagnation pressure rise through the compressor.
Cumpsty [1989] states that “at microscopic level the losses may be thought to have
a single cause, viscous shearing leading to a rise in internal energy”. He then groups
possible loss sources as; drag at solid surfaces, mixing, shock and shear work. Cump-
sty [1989] and Denton [1993] thoroughly explored the loss within turbomachinery
and the following overview is mostly taken from these two sources. It is important
to note that if the system were adiabatic and therefore no heat transfer to or from
the system the only loss is as a result of the viscosity of the fluid. If there was no
viscosity then there would be no loss.
Drag at Solid Surfaces: The loss caused by drag at solid surfaces is the
dominant loss source for the mainstream (mid-span) blade. This loss is a result
of the flow over the blade and through viscosity creates a skin friction drag and a
pressure drag. A good description of the flow over an aerofoil and the drag associated
with it was given by Massey and Ward-Smith [1998]. The drag and therefore the loss
can be calculated by considering the wake momentum thickness without considering
the detailed flow physics.
Mixing: The sudden enlargement of a pipe is a standard example of a thermo-
dynamically irreversible process due to mixing. Mixing refers to the mixing of one
fluid with different properties for example temperature, pressure or velocity, and not
mixing of different fluids. In turbomachinery the mixing is much more complicated
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and usually three-dimensional. For example the tip clearance flow undergoes mixing
with the mainstream flow. Essentially non uniformity in the flow is what creates
mixing loss. This process continues to occur downstream of the blade row and in to
the next row or beyond.
Shear Work: Shear work takes place whenever there are velocity gradients
and as such is the source of loss within mixing. The differentiation here is that
such velocity gradients are encountered when there are boundary layers, wakes and
vortices. Shear work is only of concern when the velocity gradient is significant or
turbulent flow is encountered.
The flow around the trailing edge of an aerofoil is an example of mixing within
turbomachinery. For minimum loss, an aerofoil which creates lift through non uni-
formity of the flow on the suction and pressure surfaces must decelerate the flow
on the suction surface to allow for a minimum velocity gradient at the trailing edge
when the two flows meet. If the velocity is the same on both surfaces at the trailing
edge then the Kutta condition will hold and minimum loss will be incurred.
Shock Losses: This thermodynamically irreversible process produces a reduc-
tion in stagnation pressure. If the shock is strong and there is only one shock then
the largest loss is encountered. However with a weak shock or series of shocks as
often found within industrial compressors the loss can be small and the flow nearly
reversible. One of the more serious aspects of a shock is the ability to separate
the blade’s boundary layer; this may create a large boundary layer downstream and
consequently its contribution to the overall loss can be significant. Within the HPC
shocks are not encountered. Therefore findings and literature from the early stages
may not be appropriate for the HPC if they involve shock mechanisms.
2.3 Flows through a Compressor
Gallimore [1999] outlines some of the basic principles and rules associated with the
design of axial compressors. This was principally for aero engines but much of the
paper is still relevant for industrial machines. Cumpsty [1989] presents another more
in depth look at the compressor.
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The mainstream flow of a compressor can be considered as two-dimensional (2-
D) flow and so classical aerofoil theory can be used to predict the flow. This was
historically the normal geometrical starting point for compressor design; where the
blades were stacked without accounting for secondary flows but only the radially
changing blade velocity and therefore the radially changing inlet angle. If the blades
are relatively long the loss produced by the blade profile in the mainstream flow is
the largest loss source and this holds for the early low pressure stages.
Within the axial compressor, or more generally turbomachinery, there are nu-
merous flow structures other than the mainstream flow which usually result in loss.
Figure 2.1 taken from Lakshminarayana et al. [1982] indicates these flow structures.
These loss sources are traditionally grouped as ‘profile loss’, ‘end wall loss’ and ‘leak-
age loss’. The percentage that each loss attributes to the total loss varies between
stages. In the LPC the blades are long, therefore the percentage attributed to the
endwall loss is small and the profile loss is dominant. Within the HPC the blades
are short thus the endwall and leakage losses are more important. It is clear however
that each source of loss does not act independently. Other than the main gas path
losses, as discussed, there are many other loss sources including fluid leakage, step
and gaps.
Profile loss Profile loss is the loss generated by the blade’s boundary layer and
the trailing edge.
Endwall loss Endwall loss can be referred to as ‘secondary loss’, or sometimes,
as with Gregory-Smith [2003], is used as a term to encapsulate all the loss sources
within the endwall region. This will include the tip leakage loss, secondary loss
and endwall boundary layer; the blade profile loss within this region may also be
included. Due to the inseparable interactions of each loss source the latter definition
is used in this thesis. These flows are 3-D and require significant effort to understand
and predict. The percentage that each endwall loss source attributed to the total
endwall loss varies from stage to stage and between geometrical designs.
Overall Loss - Many attempts have been made to predict the overall loss.
Most of these have attempted to mathematically account for each source of loss in
turn. Koch and Smith [1976] attempted one such method. They accounted for four
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Figure 2.1: Flows Within the Endwall Region of a Compressor (Lakshminarayana
et al. [1982])
sources of loss; blade profile loss, endwall boundary layer loss, shock losses and part
span shroud losses. They employed correction factors for each form of loss to match
the results with experimental data. More recently 3-D CFD calculations have aided
with the calculation of the total loss and this has been undertaken by many authors
as well as becoming common practise within industry.
2.3.1 2-D / Profile flow
Simplistically the flow at mid-span can be considered to be 2-D. Cumpsty [1989]
gives a comprehensive review of the flows over an aerofoil. The profile loss across
a subsonic aerofoil is due to the boundary layer formed over the blade surface and
the separation at the trailing edge. Most of this loss occurs on the suction surface
where the boundary layer is thicker. For high speed sonic blades the boundary layer
interacts with the shock resulting in large losses. The boundary layer along the
blade surfaces can usually be considered to be laminar at the leading edge and then
they may go through transition to turbulence or separate. On the pressure surface
the laminar region may remain to the trailing edge but on the suction surface it will
not. The suction surface laminar region may only be short before transition but
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it will exist even under highly turbulent flow. The boundary layer transition and
separation is dependent on Reynolds Number, pressure gradient, viscosity, surface
roughness and unsteadiness of the oncoming flow and as such is quite complex but
well known (e.g. Cumpsty [1989]) and not discussed in detail here.
2.3.2 Endwall Flows
‘Endwall flows’ is the generic name for all flows created by fluid interacting with
the hub or casing and can be seen in Figure 2.1 taken from Lakshminarayana et al.
[1982]. In this region the flow over the blade can no longer be considered 2-D. Much
work has been undertaken concerning endwall flows in turbines and compressors.
The differences between the flows in a turbine and compressor include: compressor
blade turning is much lower, therefore the secondary flows are weaker; within a
compressor the boundary layers are decelerated rather than accelerated and therefore
separations are more likely to occur; the compressor’s incoming boundary layer is
much thicker; and the stability of a compressor is lower with surge and stall being
an issue. The secondary flows nearly always have the effect of under turning the
flow and increasing losses. Turning of the fluid through the stage can be directly
linked to the power of the stage and so the mechanics of the under turning close to
the end walls results in decreased pressure rise.
This sub-section will discuss all of the endwall flows apart from the detailed
leakage flow. This is because the main thrust of this work is aimed towards the
leakage flow. It is however important to remember that as discussed by Denton
[1993] the endwall flows can not be considered to act independently.
Inlet Boundary Layer
Within the endwall region a significant low momentum region exists at inlet to the
blade row on the hub and casing, and this is termed the boundary layer. Within
the LPC the inlet boundary layer region is small as a percentage span but in the
HPC it can consume a significant proportion of the annulus height (typically 10%).
Hunter and Cumpsty [1982] found this to consist of low axial velocity (low dynamic
pressure) and high loss fluid. For a rotor row this decreased axial velocity results in
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a higher inlet angle within the endwall boundary layer. On the contrary at inlet to
the stator a decrease in inlet angle occurs. The thickness of the inlet boundary layer
was shown, for example Wagner et al. [1985a], Wagner et al. [1985b] and Brandt
et al. [2002] to significantly affect the row performance.
Inlet skew is the increased angle at the inlet to the row on the endwalls and this
exists within the inlet boundary layer. It is created by a combination of the axial
velocity deficit as described above, the upstream walls motion, the upstream rows
endwall flows and the change in frame of reference between the rotor and stator.
The direction of skew is generally of an increase in incidence on to the blade. The
skew and thickness of the endwall boundary layer entering a row are dependent on
the upstream rows and therefore a product of the following end wall flow features.
Passage Vortex
The formation of the passage vortex is well known and has been described by many
authors including Denton [1993], Cumpsty [1989] and Gregory-Smith [2003]. More
fundamentally ‘Classical Secondary Flow Theory’ can be used as a way of explaining
and predicting the passage vortex, for example Came and Marsh [1974] and Marsh
[1974]. The formation of the passage vortex and resultant corner stall is shown in
Figure 2.2 which is a figure revamped from Gregory-Smith [2003].
Within the blade passage the primary flow is turned by the blades and so estab-
lishes a pressure field between the blades. The velocity within the boundary layer
on the endwall is lower than the free stream velocity therefore the pressure gradient
across the blade passage forces the boundary layer flow to follow a tighter radius
of curvature. This over-turns the flow within the endwall boundary layer. Cross-
flow is then produced by the components of velocity locally perpendicular to the
free stream flow. Away from the casing/hub there is a counter balancing flow from
the suction to the pressure surface which gives a vertical flow at exit of the cascade.
This is termed the passage vortex and as a result there is an area of increased tuning
away from the wall.
The inlet skew has the effect of opposing the endwall crossflow reducing the
passage vortex. As explained by Cumpsty [1989] if the stagger is high then the
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Figure 2.2: Formation of Passage Vortex and Corner Stall
camber is usually small therefore the passage vortex is weaker due to the reduced
turning, resulting in under turning at exit in the endwall region. On the contrary if
the stagger is low the blade camber tends to be high resulting in over-turning due
to the larger passage vortex. This therefore affects the skew of the boundary layer
on to the next blade row.
Corner Stall
The low energy high entropy fluid within the boundary layer is moved via the passage
vortex’s crossflow against the corner of the wall and blade’s suction surface, as seen
in Figure 2.2. This results in an accumulation of low energy fluid, and coupled with
the overall pressure rise often combines to form a separated region, termed corner
stall. This creates a large blockage in the endwall regions and may interact with the
suction surface along a significant length of the span. The corner stall may account
for a significant proportion of the total stage loss. The size of the corner stall and
the overall loss created is affected by the design and the flows within the compressor.
Hah and Loellbach [1999] gave a good insight into the formation of the separation
and the flows within the separation. Gbadebo et al. [2007] further investigated the
corner stall in detail and in particular the effect of tip clearance on corner stall,
which for larger clearances was shown to completely suppress the 3-D separations,
a result also found by Dong et al. [1987].
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Hah and Loellbach [1999] investigated the hub corner stall. They reported that
with increased rotor loading the corner stall moves further upstream along the chord.
This increased loading significantly altered the flow downstream and changed the
angle of attack at the leading edge of the stator. A severe flow separation on the
stator suction surface then occurred close to the hub. As with all secondary flows
the downstream rows are affected. Increasing the inlet endwall skew opposes the
passage crossflow, therefore reducing the secondary flows and corner separation; but
also increases the blade tip loading within the skew.
Horseshoe Vortex
The horseshoe vortex is widely understood (e.g. Eckerle and Langston [1987]) and
forms around all blunt bodies protruding out of a shear flow. Within compressors
this occurs at the junction between the end-wall and the blade’s leading edge and
so it is usually formed at the rotor hub and stator casing. A partial/weak horseshoe
vortex may occur at the blade tip if the blade protrudes into the boundary layer.
The strength of the horseshoe vortex depends on the blade’s leading edge thick-
ness. Therefore within the a compressor it is usually a weak feature and because of
the non symmetrical nature of the blade the strength of each leg will be different.
As explained by Cumpsty [1989] the suction surface leg will travel along the suction
surface corner and the pressure surface leg will move across the passage impinging on
the adjacent blade’s suction surface corner. This results in two oppositely rotating
vortices within the suction surface corner region. Gbadebo et al. [2007] clearly shows
the formation and existence of a horseshoe vortex within a compressor cascade with
small clearances, and the trajectory of the suction surface leg along the blade at
the boundary with the corner separation region. With clearances larger than the
boundary layer the horseshoe vortex was no longer evident.
2.4 Compressor Tip Leakage Flows
The tip clearance allows for the passage of fluid over the tip of the blade which is
termed tip leakage flow. These flows have been widely investigated both experimen-
2.4. Compressor Tip Leakage Flows 17
tally and computationally as they are a significant cause of compressors instability
and loss. The clearance gap is usually defined as a relative clearance of either the
annulus height or the chord length. In the LPC stages where the blades are long
the tip clearance size is generally within 1% of the annulus height but within the
HPC the clearance may be as large as 6% of annulus height. Note that the absolute
tip clearance may be of similar size but the relative clearance within the HPC is
much larger; since both the span and chord are shorter. This holds for both relative
clearance definitions.
The reason for the requirement of the absolute clearances size is to ensure a
clearance between the casing and the tip at all working conditions. Rubbing of the
blade on the casing may cause significant damage and a lengthy shut-down of the
machine. Thermal and centrifugal effects mean that the blades will change in size
Cumpsty [1989] explains that the compressor tip clearance size will change during
operation due to the temperature of the components. Furthermore the annulus may
not be fully concentric therefore the tip clearance will vary around the rotor. Free-
man [1985] showed that the pressure rise was dependent on the integrated clearance
around the annulus and therefore independent of the concentricity of the annulus.
The stall margin was dependent on the concentricity and the largest clearance over
a sector determined this.
Considerable research has been undertaken concerning tip clearance flows; Pea-
cock [1982], Peacock [1983] and Cumpsty [1989] summarised much of the early work.
Cumpsty [1989] describes some work by Freeman [1985] who investigated the effect
of tip clearance size on the performance of a 6-stage high pressure aviation compres-
sor. He showed that a variation in tip clearance gap of 1% to 3% chord resulted in
a significant performance change. At small clearance values (< 1% chord as found
by Storer and Cumpsty [1991]) the tip leakage flow can prevent corner stall and as
a consequence reduce the blockage and increase the efficiency. Many other authors
have shown this to occur, for example Inoue et al. [1986] showed the optimum to be
less than 1% Chord. Above this small clearance the effects of increasing the tip gap
are extremely detrimental resulting in a fall in pressure rise and efficiency, and shift
of the surge line towards higher mass flows.
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The flow within the tip clearance is highly complex and varies significantly along
the compressor due to the geometry, presence of shocks and the state of compressor
throttling. Lakshminarayana et al. [1982] attempted to indicate many of these flows
in Figure 2.1 on Page 12. Simplistically the tip clearance allows for a pressure
driven jet to pass across the tip of the blade, this flow (termed ‘tip leakage flow’)
then rolls up in to a tip leakage vortex which then passes out of the passage to the
next blade row.
Significant loss occurs within the tip leakage flows. The origins of this loss
include: shear stress loss on the endwall and blade surface; mixing loss within the
jet and the shear flows; secondary loss due to the formation of the tip leakage vortex;
and mixing loss of the leakage flow with the mainstream flow. The vortex losses may
occur well downstream of the row and pass into the next row.
2.4.1 Flow Through the Clearance
There are two mechanisms responsible for the tip leakage flow. Principally the flow
is pressure driven. Storer and Cumpsty [1991] found the chord-wise distribution of
the flow across the tip to be dependent on the static pressure field close to the blade
tip. For their geometry the blade loading was at its highest in the forward part
of the blade and so the tip leakage flow was stronger there. Secondly, the viscous
stresses caused by the relative motion between the blade and the endwall, drag the
fluid through the clearance which assists the strength of the tip leakage flow.
The flow enters the tip clearance from the pressure side of the blade and separates
from the blade tip to form a strong jet as illustrated by Glanville [2001] in Figure
2.3. This separation creates a contraction of the leakage jet. The contraction ratio
as explained by Denton [1993] depends on the radius of the blade tip pressure surface
corner, but he give a nominal value of 0.6.
Compressor blades are generally thin and therefore the clearance jet is unlikely
to reattach to the blade tip. Without reattachment the separation creates a vena-
contracta feature over the tip of the blade. Glanville [2001] stated that for reattach-
ment of the separation on to the tip of the blade the aspect ratio (tip gap height
divided by maximum blade thickness) must be lower than 0.4. For a lower aspect
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ratio gap, reattachment of the flow on to the blade tip occurs; this produces mix-
ing creating loss within the tip gap and a separation bubble close to the PS blade
edge. Storer and Cumpsty [1991] also investigated the flow through the clearance
and found that without reattachment the ideal vena-contracta model was valid and
predicted the streamlines through the clearance well.
Tang et al. [2006] thoroughly studied the leakage flow within the blade and casing
gap giving insight into the velocity profile within the gap. They also found separation
and a vena-contracta for their larger clearance (3.30% Chord) and reattachment for
their smaller clearance (1.65% Chord). HPC blades are thicker but the clearance is
also larger and so the reattachment of the clearance flow onto the end of the blade
is generally prevented. Within the separation over the tip edge a ‘tip separation
vortex’ is formed, as termed by Kang and Hirsch [1995] and also investigated by
Tang et al. [2006]. The tip separation vortex convects low energy fluid towards the
point of minimum pressure along the blade tip and then moves in to the passage.
Figure 2.3: Leakage Flow Over Blade Tip (Glanville [2001])
2.4.2 Formation of Leakage Vortex
The tip leakage flow jet exiting the clearance interacts with the cross passage, sec-
ondary flow and the incoming boundary layer. This interaction is very complex and
causes the tip leakage flow to roll up in to a vortex which is termed the ‘tip leakage
vortex’. Some of the leakage flow passes over the tip leakage vortex and interacts
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with the passage vortex and through shear on the endwall forms a second counter
rotating vortex termed the ‘induced vortex’ (labeled ‘I’ in Figure 2.4(b)). This was
illustrated well by Van Zante et al. [2000] (Figure 2.4) for a transonic rotor. The
leakage vortex may contain negative axial flow which has been shown through many
studies, for example Inoue et al. [1986], Saathoff and Stark [2001], Brandt et al.
[2002] and Saathoff et al. [2003]. The actual flow angle depends on the geometry
and throttling level of the stage.
(a) View From Casing, Axial Velocity (b) View on to Cutting Plane
Figure 2.4: Formation of Leakage and Induced Vortex from Van Zante et al. [2000]
Figure 2.5: Structure of Leakage Flow (from Inoue and Kuroumaru [1989])
The formation of the induced vortex is not always reported, as the strength of
this vortex depends on the velocity difference between the leakage jet flow and the
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wall motion. Furthermore there are several different explanations in the literature
of what appears to be the same feature: Inoue and Kuroumaru [1989] termed the
region the ‘Interference Zone’ as seen in Figure 2.5; Lakshminarayana et al. [1982]
(Figure 2.1) termed it the ‘Interaction Region’; other explanations associate it with
the secondary vortex. Saathoff and Stark [2001], Brandt et al. [2002] and Saathoff
et al. [2003] also showed this feature and all these explanations appear to involve
the same feature.
Figure 2.4 (from Van Zante et al. [2000]) indicates only a small secondary flow,
which is counteracted by the tip clearance flow. An induced counter rotating vortex
can be seen at the interface between the leakage vortex and the secondary flow.
This is developed by the wall shear layer and the interaction of the cross passage
flow; its strength depends on the difference between the tip clearance flow velocity
and the end-wall velocity. For a transonic rotor, as for Van Zante et al. [2000], the
induced vortex is much stronger than for a subsonic rotor. Van Zante et al. [2000]
showed that the induced vortex inhibits the migration of the tip clearance vortex
across the passage to the pressure surface of the adjacent blade. Walker et al. [2005]
showed that for a stationary subsonic rotor and large tip clearances (8% span) an
induced counter vortex was observed. With a moving endwall no induced vortex
was observed for the same tip clearance. This was because the leakage flow was too
large and completely suppressed the cross passage flow and the wall shear flow.
The HPC leakage flows can consume a significant portion of the span. For ex-
ample Foley and Ivey [1996] showed that two dimensional flows for their four stage
research compressor could be assumed between only 40 and 85 percent of the annu-
lus height. This creates a blockage which effectively reduces the passage area and
decreases the pressure rise across the stage. Hunter and Cumpsty [1982] investi-
gated the increase in the boundary layer size across a low speed rotor with varying
clearance, flow coefficient and inlet boundary layer thickness. They investigated
clearances up to 10% of the chord finding a significant increase in blockage, in the
form of low axial velocity and underturning, with increased clearance. Most of the
blockage they accounted to the clearance vortex.
The tip leakage vortex can be described as two separate vortices; for example,
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as found by Songtao and Zhongqi [2002]. The first emanating from the forward
part of the blade tip forms a strong loss vortex core. This initially closely follows
the suction surface with the favourable blade pressure profile and then at the peak
loading when the blade pressure gradient becomes adverse moves away from the
blade surface into the passage. After the first vortex leaves the suction surface
the remaining tip leakage flow wraps around the core vortex forming a significant
blockage. This second weaker vortex may pass across the passage impinging on the
PS of the adjacent blade and passing through its clearance.
The tip leakage vortex is unsteady, especially at high speed, and becomes more so
towards the stability limit. Mailach et al. [2001] investigated this using a four stage
low speed compressor and linear cascade. They showed that close to the stability
limit the leakage vortex trajectory fluctuates significantly from the normal trajectory
too moving around the leading edge of the adjacent blade, and so influencing the
incoming flow of the next blade. This unsteady short length scale pattern was shown
to propagate along both of Mailach’s experimental rigs. This is the starting point
of stall and generally moves from multi stall cells, as described above, to full stall.
This is a huge area of research and as such is not discussed in more detail within
this thesis.
2.4.3 Influence of Tip Clearance Size
The point at which the initial tip leakage flow rolls up into a vortex was investigated
by Storer and Cumpsty [1991]. They found as previously discussed that the pressure
profile significantly affects the tip leakage flow and so because the loading changes
with clearance size so does the tip clearance vortex. They reported that as the tip
clearance was increased the roll-up of the clearance vortex moved downstream. This
was found to be as a result of the increased pressure from the mainstream flow at
inlet. They also found that the blade force near the tip increased with tip clearance,
which was a consequence of a strengthening of the vortex and an increase in the
blade pressure loading.
Storer and Cumpsty [1991] showed plots of blade loading at 2% chord from the
blade tip. The effect with different clearances was as follows. Storer’s tip loading and
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blade contour plots are shown in Figure 2.6 for 0% and 4% tip clearance. Without
clearance the suction surface had an increase in pressure, and therefore a decrease in
loading which was shown to be due to corner separation. With clearance the pressure
profile at the blade tip showed a marked difference. On the pressure surface the
loading was lower, especially at the leading edge, and on the suction surface there
was an increase in pressure at the leading edge and decrease in pressure after 20%
chord. This change moved the suction surface minimum pressure and therefore the
maximum blade loading downstream along the chord. Another effect was to increase
the loading on the tip end so that for the 4% tip clearance the blade loading at the
tip was similar to mid-span. The loading change at the tip with clearance was found
to be due to the influence of the leakage vortex.
Figure 2.6: Blade Tip Loading (from Storer and Cumpsty [1991])
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Foley and Ivey [1996] also found a decrease in suction surface pressure and in-
crease in loading close to the tip; the reason for this was shown to be the radial flow
of the leakage vortex on the suction surface. Pandya and Lakshminarayana [1983]
investigated the flows within the passage and for their geometry the roll up occurred
close to the mid-chord which is typical of HPC blading; LPC blading tends to be
more front loaded and therefore roll up occurs earlier. A positive influence of the
clearance flows was a removal of the corner separation as seen in Figure 2.6.
The trajectory of the tip leakage vortex is dependent on the row geometry, speed
and throttling condition. Chen et al. [1991] found that the vortex trajectory was
independent of the tip clearance value but did depend on the blade loading. Usually,
at the operating condition, in highly loaded transonic rotor rows the leakage vortex
moves across the full length of the passage and impinges on the adjacent blades
pressure surface. However in the HPC stages, at operating condition where the
rotor rows are lowly loaded, the tip leakage vortex will remain close to the suction
surface and move out of the passage without affecting the adjacent blades pressure
surface. The degree of migration depends on the loading of the blade. As the flow
coefficient is reduced the blade incidence rises and so the blade loading rises. This
strengthens the pressure driven jet increasing the strength of the leakage vortex.
Hunter and Cumpsty [1982] conducted tests on a low speed rotor with 3 different
flow coefficients. They found that as the flow coefficient was reduced the tip leakage
vortex moved across the passage and impinged on the pressure surface of the next
blade. When this occurred, a significant blockage was established, with low dynamic
head fluid close to the pressure surface and end-wall corner. The blade wake was
shown to increase in size also. If the clearance vortex passed over the front of
the adjacent blade then stall of the rotor occurred. Saathoff and Stark [2001] and
Saathoff et al. [2003] showed through oil film plots that the leakage vortex was
bounded by incoming separation (which as previously discussed may be termed the
induced vortex) and this could be seen to occur far upstream of the leading edge at
stall.
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2.4.4 Influence of Inlet Boundary Layer
The effect of the inlet boundary layer on tip leakage flows is significant. Choi et
al. [2005] found computationally that at design condition (for his single compressor
rotor) the tip clearance flows and hub corner stall are similar and therefore are not
affected by the tip clearance. However when operating at near stall, there was a
significant effect from the boundary layer thickness. Brandt et al. [2002] compu-
tationally investigated this and used the results of Saathoff and Stark [2001] for
comparison with a view to further their work to include varying the inlet boundary
layer thickness. They found that increasing the boundary layer thickness moved
the vortex roll-up point upstream and increased the trajectory angle towards cir-
cumferential and increased the total pressure loss. Furthermore they found that
the displacement of the roll-up point is more sensitive with thin boundary layers.
This was found to be opposite to varying the tip clearance, as discussed previously
by Storer and Cumpsty [1991]; if the boundary layer thickness was kept the same
then the roll-up point moved downstream with increased clearance. Increasing the
boundary layer thickness increased the loss and blockage in the endwall region.
These findings were similar to Brandt et al. [2002].
2.4.5 Influence of Leakage Vortex on Row Exit
The effect of endwall and leakage flows are generally considered by pitch mass av-
eraging to give a two-dimensional span-wise profile, and area averaging to give a
total loss value upstream and downstream of the row. Inoue et al. [1986] carried out
studies of a test rotor with NACA 65 profile and varied the tip clearance up to 5mm
(approximately 4.4% tip span). At inlet they showed that with increased clearance,
an increased inlet yaw angle at mid-span but decreased yaw angle towards the casing
occurred; this they attributed to the increased blockage and redistribution of the
flow towards the mid-span. To remove the inlet angle offset with increased tip clear-
ance size they altered the throttling setting to match the inlet angle at mid-span. At
exit (as seen in Figure 2.7 they found a redistribution of flow towards the mid-span
indicated by the increased axial velocity, resulting in a reduction in velocity on the
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casing. This was also seen with the exit angle, where for their larger clearances
there was an increase in turning at approximately 0.95% span and a large under
turning of approximately 20◦ on the casing. They also plotted the total pressure
loss coefficient. At mid-span there was only a marginal change due to the matching
of the inlet yaw angle. With tip clearance a slight reduction in loss at 90% span
and then loss increase at the leakage vortex peak followed by a smaller loss on the
endwall. This large under turning and low energy fluid is then passed into the next
row and is one of the causes of endwall skew.
(a) Distributions of Axial Velocity, Tangential
Velocity and Relative Velocity
(b) Distributions of Total Pressure Loss coeffi-
cient Through Rotor
Figure 2.7: Flow at exit of a Rotor Row (from Inoue et al. [1986])
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2.4.6 Leakage Flows in High Speed Rotors
In the LPC rotor the leakage vortex is somewhat different to the IPC or HPC. This
is because of a combination of the blade geometry, rotor loading and speed. Unlike
the HPC the leakage vortex core emanates from the leading edge of the blade and
then passes through the passage. As previously mentioned, the remaining leakage
flow from the rest of the blade wraps around the leading edge vortex core and will
impinge on the adjacent blades PS.
Within high speed rotors, above Mach 1, shocks occur within the passage; their
interaction with the tip leakage vortex has been studied widely. Much of this work
has concerned the NASA Rotor 37 as representative aero-engine geometry, for ex-
ample Suder [1998], Gerolymos and Vallet [1999] and Suder and Celestina [1996].
The shock-vortex interaction is a major source of loss in axial compressors because
the shock forces the leakage vortex to burst and leads the row to stall. As described
by Schlechtriem and Lotzerich [1997]: “The location of the shock-vortex interaction
is a function of the back pressure. If the back pressure reaches a certain level the
position of the interaction of the shock with the tip leakage vortex moves upstream
and the burst vortex no longer heals up. The end-wall blockage grows rapidly and the
compressor stalls. In this case the blockage extends upstream of the leading edge”.
The vortex breakdown is due to the sudden flow deceleration across the shock.
2.4.7 HP Specific Tip Clearance Flows
As previously discussed the tip clearance gap within the high pressure stages of in-
dustrial machines are relatively large. Only limited literature, has concerned clear-
ances of the size of interest. One of the few papers is by Hunter and Cumpsty
[1982] who varied the tip clearance of a low speed rotor from 1% to 9.2%. They
found that the blockage significantly increased with tip clearance and with blade
loading. Downstream traverses showed that the under-turning through the cascade
was significantly increased and therefore the pressure rise was decreased. They also
examined the effect on stall coefficient and due to the increased blockade the stall co-
efficient also increased and stall occurred earlier. Layachi and Bo¨lcs [2002] used two
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different clearances the largest being 4.8% chord, their results showed a significantly
thicker boundary layer through the entire stage.
2.4.8 Other Tip Vortices
Also shown in Lakshminarayana’s (Lakshminarayana et al. [1982]) plot (Figure 2.1)
is the ‘Scraping Vortex’ which travels along the pressure surface tip of the blade.
The formation of the scraping vortex arises from the inlet skew within the inlet
boundary layer. This will not arise if the tip clearance is larger than the boundary
layer thickness and the mainstream incidence is low. The Scraping Vortex can be
thought of as one leg of the horseshoe vortex which can partially exist when a tip
clearance exists. It tends to be a weak feature and so having little effect. The high
skew boundary layer flow associated with the creation of the scraping vortex on the
contrary does have a large influence on the endwall flows.
2.4.9 Multi Row Effects
Axial compressors consist of many rows in succession. Therefore each row cannot
be considered to act independently and must be matched to the row upstream and
downstream. Furthermore the interactions between rows are highly unsteady. Many
authors have considered this, including Cumpsty [1989], Horlock [1995] and Denton
[1993]. All the flows within the row affect the downstream flow and these include;
the mainstream flow, wake, leakage flows, hub/casing separation, and secondary
flows. Within a tip leakage flow context, the tip leakage flows/vortices will pass into
the next row affecting the performance of that row. Conversely the row in question
will also be affected by the upstream rows hub/casing clearance flows.
As previously examined the flow at rotor exit will vary along the span and so the
following row must be designed to allow for this. The rotor tip leakage has the effect
of reducing the incidence on to the stator root while the skew effect increases the
incidence. The net effect depends on the design and operating condition. Clearly
the unsteady interactions between rows are of much interest, but are not examined
in detail here. One such multi-row unsteady effect is the relative circumferential
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position of the blades which is termed clocking. Layachi and Bo¨lcs [2002] showed
that the effect on efficiency of varying the stator clocking was within 0.7% and 1.5%
depending on the turbulence model used within their simulations.
2.5 Linear Cascade Testing
Linear cascade testing allows for simplification of the real machine which aids the
study of turbomachinery flows both experimentally and theoretically. Therefore
traditionally linear cascade testing has been of great use to understand compressor
flows. However the simplified flow may also make the result non-realistic if not prop-
erly understood. Cumpsty [1989] describes the use of linear cascades and ‘Cascade
Aerodynamics’ a book by Gostelow [1984] explores cascades and cascade testing in
detail. Gostelow defined the cascade as an “infinite row of equidistant similar bod-
ies” which in turbomachinery are usually aerofoil. The challenge comes when the
cascade is not infinite and therefore the flow will be non uniform along the length.
For this reason a compromise between the length of the cascade and its size has to be
met to fit the wind tunnel powering the cascade. Linear cascades have a significant
role to play in compressor and turbine testing. The greatest advantage, as well as
the relatively cheap cost, is that many measurement techniques are possible within
the cascade that are not within rotating machines. For example, detailed pressure
measurement within a rotating passage.
Brandt et al. [2002] showed that the results may be closely related to the rotat-
ing case. Within linear compressors the flow at inlet is what Cumpsty [1989] terms
‘collateral flow’ which means that the flow direction within the boundary layer is
uniform and as such can be considered as a normal boundary layer. This boundary
layer also tends to be un-representatively thin. Within real machines there is sig-
nificant inlet end-wall skew. The cascade’s relatively thin inlet boundary layer also
poses additional problems. In a rotating machine the high skew flow over the tip of
the blade will normally cause a separation along the blade suction surface corner.
Conversely with the linear cascade having a thin and low skew inlet boundary layer
the final part of the blade corner region may only reach boundary layer transition.
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2.6 CFD Tip Clearance Modelling
Most of the work undertaken on tip clearance flows since the late 1980’s has in-
cluded some CFD or numerical analysis. Computations are now common place and
testing is only undertaken where necessary. The reason for this is mostly due to the
low cost and effort required in CFD but also because experimental measurements
close or within the tip gap are very difficult and with rotation almost impossible.
Experimentation is however still required, even though CFD has huge time saving
advantages over experimentation, the CFD models must be compared to experimen-
tal data so that the results can be trusted. For example the loss is hard to predict
quantitatively using CFD.
As described by Van Zante et al. [2000] and also investigated by Gupta et al.
[2003]; there are currently three general methods for treating the tip clearance gap:
1. Assume flow periodicity across a non-gridded region above the blade tip (Fig-
ure 2.8(a)).
2. Rounding the blade tip by distorting an H-type grid to fill the gap over the
blade i.e. pinch tip (Figure 2.8(b)).
3. Fully gridding the gap with a separate gridded block.
It is advantageous in order to save computational power to use the technique
which uses the least number of cells possible. For this reason the above list is in
order of computational time preference, but unfortunately also in order of increasing
accuracy. One difficulty of using a pinch tip model is that the grid around the tip
can be of poor quality. This can have the result of creating numerical loss, thus
over-predicting the loss.
The use of the first method can be assumed to be reasonable when considering the
flow as a vena-contracta. However the tip clearance must be set to that of the vena-
contracta’s minimum thickness or a discharge coefficient must be employed. This is
because the first method will over estimate the size of the actual tip clearance flow.
The pinch tip model attempts to model the leakage jet as a vena-contracta. One
problem with this method is that it is difficult to know the size of clearance that is
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being modelled without calibration of the mesh to experimental data. Storer and
Cumpsty [1991] compared this method in Figure 2.9 to the flow around a square edge
and showed that the results were comparable. Therefore this method is reasonable
but only if the flow remains separated over the entire tip of the blade which, as
discussed earlier, occurs for a relatively large tip clearance or thin blade.
(a) Non Gridded (b) Pinch Tip
Figure 2.8: Tip Clearance CFD Modelling Techniques (from Van Zante et al.
[2000])
Figure 2.9: Blade Pinch Tip Modelling from Storer and Cumpsty [1991]
Modelling the tip gap fully, has advantages as it removes the unknown contrac-
tion size of the vena-contracta over the tip of the blade tip and therefore allows for
the correct clearance size to be modelled. This however uses significant computa-
tional time due to the required cell number and requires multi-block CFD codes.
Gupta et al. [2003] and Van Zante et al. [2000] conclude that fully meshing the tip
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leakage area is the superior method. Gupta found that this method more accurately
predicted the pressure rise through the clearance and as such better predicted the
row pressure rise. They also found that mesh clustering in the casing region, which
every tip model used, was necessary to resolve the shear layer interactions and
therefore the leakage vortex trajectory. The pinch model and non-gridded model
both were shown to over predict the pressure rise and loss through the tip. Gupta
et al. [2003] suggests that the pinch model can produce reasonable results if the grid
resolution is reasonable and the tip shape is set correctly.
2.7 Loss Reduction Techniques
Methods of loss reduction within axial compressors is a vast research area. Many
methods have been proposed and investigated which try to reduce secondary and
tip clearance flows; as with tip clearance flow these techniques have mostly been
proposed within the LPC as methods for prolonging the onset of stall. Minimising
the blade clearance, historically, is the primary method to reduce the effect of the
tip leakage flow. This however cannot be done to a successful level within the HPC,
the subject of this thesis. Therefore other techniques must be examined.
The different techniques can be widely defined within two categories; 3-D blading
design, and end-wall treatment. Some of these methods are now explored.
2.7.1 3-D Blade Design
3-D blade design generally aims to reduce the blade loading near the end of the blade
or to modify the blade chord-wise loading distribution. This facilitates the reduc-
tion in secondary flow and tip clearance flows because they are both, as previously
discussed, controlled by the local blade loading at the tip of the blade. The main
blade modifications may include; dihedral, sweep or blade profile modifications (e.g.
re-cambering). Dihedral is the movement of the blade perpendicular to the chord,
whereas sweep is movement along the chord. The optimum 3-D design is difficult
to obtain and requires significant effort to achieve across all compressor operating
conditions. Therefore a great deal of work is ongoing to find a sustainable design
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method to obtain the optimum design. One example of the application of sweep
and dihedral is by Tschirner et al. [2006] who showed that through 3-D blade design
significant changes can be made to the efficiency and operating conditions.
Dihedral is defined as being positive if the blades suction surface has an obtuse
angle with the endwall. This results in a component of blade force on the fluid
towards the endwall raising the endwall static pressure and so reducing the endwall
Mach Number and velocity on the suction surface of the blade tip. The effect of
the increased pressure is a reduction in the cross passage pressure/flow reducing
the secondary flow (passage vortex) and a reduction in the cross blade tip pressure
difference, reducing the tip clearance flow. The reduction in blade loading and cross
passage secondary flow also has the effect of suppressing the corner stall reducing
the blockage. Gallimore et al. [2002] numerically investigated the effect of positive
dihedral (bowed blades). They found that an increase in pressure surface loading
(increased static pressure) with positive dihedral occurred but this was outweighed
by the larger increase in SS static pressure giving an overall increase in blade loading
at the tip. At the hub there was a reduction in corner stall but the span-wise
redistribution affected the mid-span resulting in an increased wake thickness.
The effects of dihedral are not always positive. Fischer et al. [2004] showed
that the use of strongly bowed stators for the last two stages of a 4-stage axial
compressor worked as expected reducing the endwall loading and increasing the
mid-span loading. At high loading the dihedral had the overall effect of increasing
the efficiency and pressure ratio, but below the operating point the increase in mid-
span loss outweighed the reduced end-wall loss resulting in an overall decrease in
efficiency at nominal operating point.
Sweep is defined as being positive if there is an obtuse angle between the leading
edge and upstream endwall. Therefore if the blade is leant forward from the hub
(forward sweep) there is a negative sweep at the hub and positive sweep at the
casing. Sweep is usually used within transonic rotors, where the effect is to move
the shock. The effect of positive sweep is to bend the suction surface streamline
towards the endwall and to bend the pressure surface streamline away from the
endwall. This has the effect of opposing the secondary flow. Positive sweep also has
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the effect of redistributing the loading towards the trailing edge. Again the effect of
three-dimensional design on the mainstream flow must always be considered because
the three-dimensional effect changes with operating condition. Corsini and Rispoli
[2003] showed this; they investigated the use of forward sweep on a low speed fan.
This had the positive effect of reducing the secondary flow and tip clearance flow at
low flow coefficients. However at high flow coefficients the efficiency reduced because
of increased diffusion towards the casing.
Blade profile modification techniques are methods that change the blade shape
to allow for or oppose the endwall flows. These techniques include re-cambering
and leading edge bulbs. Re-cambering involves altering the blade shape close to
the endwall to match the inlet flow angle within the boundary layer; the blade exit
angle may also be changed to allow for the different exit angle. This method is often
known as ‘end-bends’. The term leading edge bulb describes the thickening of the
leading edge. The mechanism as investigated by Mu¨ller et al. [2003] is to strengthen
the suction side horseshoe vortex, which opposes the secondary flow passage vortex.
As the horseshoe vortex does not occur if there is a tip clearance and as the tip
leakage flow suppresses the passage vortex this method is only of use at the root
of the blade (i.e. rotor hub or stator casing). Using both numerical and turbine
cascade experiments (without skew), they found that a significant reduction in loss
was achieved with the implementation of leading edge bulbs.
The blade profile modifications methods above are used in the first instance to
suppress the corner separations and in the second instance to suppress the secondary
flows. There have been a number of blade profile modification techniques suggested
to reduce the tip clearance flows. Wisler [1985] referred to a number of these ideas,
which include grooves on the blade tip, winglets and squealer tips. The only method
that appears to be widely used is the squealer tip; however the use of this is for
mechanical reasons to reduce the contact area during a rub. No literature that the
author is aware of, assesses any of these techniques within compressors. However
some similar studies within turbines have been undertaken, for example Booth et al.
[1982]. Who found that there use was somewhat inconclusive.
Jia et al. [2001] numerically investigated a chord-wise linear variation in tip gap.
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He found that if a stator tip gap is linearly increased from the leading to the trailing
edge then the overall efficiency was increased compared to a uniform clearance with
the same circumferential leakage area. His increase in gap was between 0.7 mm
to 2 mm from leading to trailing edge. As previously discussed he found that
with a small clearance (< 1% Span or < 1.5% Chord) the leakage flows had the
effect of suppressing the secondary passage vortex increasing the efficiency, but with
larger clearances the effect was to reduce the efficiency and performance. There
was no mention as to the effectiveness of the expanding tip clearance with large
tip clearances or why such a technique would be used at all in a real machine. It
would appear from their figures, that the efficiency with a constant clearance at
the lowest value of the expanding clearance was higher than the efficiency with
the expanding clearance, therefore the smaller constant gap would appear superior.
They did report however that the technique prolonged the onset of the tip leakage
vortex roll up which maybe the intended application.
2.7.2 Endwall Treatment
Endwall treatments use the shaping of the endwall to alter the flow through the
passage with the aim of increasing the operating range of the compressor. Two no-
tably different classifications exist; endwall profiling and casing treatments. Endwall
profiling describes the contouring of the endwall to reduce the secondary passage
vortex and would normally be used at the blade root, or within a shrouded com-
pressor on both the casing and hub walls. For this reason the method may also be
classed within 3-D blade design. Casing treatments are generally modifications to
the casing of a rotor, or the stator hub, the main motivation being to improve the
stall margin by suppressing the blockage primarily due to the tip clearance vortex,
but also the endwall flows more generally.
2.7.3 Endwall Profiling
As end-wall profiling is not associated with the tip of the blade it is not reviewed in
detail. Hoeger et al. [2002] used end-wall profiling on the hub of a transonic rotor
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cascade. Their technique employed a concave contour on the end-wall close to the
pressure surface and linear profile at the suction surface. This enhanced the pressure
close to pressure surface enhancing the cross flow. The mechanism therefore was
to locally reduce the Mach number and consequently the shock losses. end-wall
non-axisymmetric profiled end-walls have been used successfully in turbines e.g.
Gregory-Smith et al. [2001] and similarly have now been implemented into aero-
engines. The concept has been to raise the pressure near the suction surface and
lower it near the pressure surface, reducing the cross passage pressure gradient which
drives the passage vortex. This method should also work for compressors and as
an outcome reduce the corner separation, reducing the blockage. Recently Harvey
[2008] & Harvey and Offord [2008] applied profiled end-walls to a compressor and
reported promising results.
2.7.4 Casing Treatment
Casing treatment has been of interest since the early 1970’s as a method to reduce
the blockage within the blade tip region, hence improving the stall margin. Most
casing treatments attempt to shift, remove or suppress the blockage caused by the
tip clearance vortex. Most work has been undertaken for transonic fans or rotors
and therefore their use within the HPC can only be considered. Passive casing
treatments often include (as seen in Figure 2.10 taken from Cumpsty [1989]) axial,
circumferential or angled slots, or may for example have a honeycomb structure.
These slots may be cut perpendicular or at an angle in to the casing. Another
casing treatment could be trenching where by the tip of the blade is recessed in to
the casing. Passive casing treatments remove flow from the high pressure regions
and then reintroduce the flow where the pressure is low; this helps to reduce the tip
clearance flows. The above mentioned techniques are all passive. Other techniques
are active. Active control uses features such as injection or suction to suppress
instabilities and secondary flows.
Some of the above treatments are good candidates for HPCs such as those of
interest within this thesis. Only passive axial and circumferential grooves, and their
variations are examined within this review. This is because they show potential for
2.7. Loss Reduction Techniques 37
Figure 2.10: Examples of Passive Casing Treatment (from Cumpsty [1989])
controlling the tip clearance flows and therefore increasing the surge margin while
being simple and potentially cost effective to implement within the real machine.
Casing treatment methods have typically resulted in reduced efficiency, because
the flow mechanisms absorb energy. However some recent work has reported only
a modest reduction in efficiency. A method that works within one part of the
compressor may not work within the other because the treatments are flow specific
and may rely on shock interactions. As stated by Cumpsty [1989], “not all treatments
are effective and some can in fact worsen the flow”. He also states that, “Casing
treatment is only effective when it is installed where the rate of increase of local
blockage and perhaps deviation with decrease in flow rate is rapid; often this is near
the rotor tips but it need not always be”. Therefore casing treatment is only of use if
the region that it is implemented in the region that causes the compressor to stall.
For example a compressor may stall from the hub if the growth of the hub corner
separation occurs first in which case end-wall profiling may be a better option within
that row. Much of the literature, e.g. Cumpsty [1989] and Johnson and Greitzer
[1987], explains that the compressor row must undergo ‘wall stall’ and not ‘blade
stall’ within the end-wall region for the casing treatment to be effective.
2.7. Loss Reduction Techniques 38
Honeycomb
Honeycomb structures are perhaps the simplest idea. The flow enters the individual
cell when the pressure is high and then emerges when the pressure is low as the
blade passes over the cell. For this method to work the flow clearly has to be
compressible (transonic) with reasonably high pressure changes and therefore at
high Mach Numbers. These conditions are only found in the earlier stages of the
industrial axial compressor and therefore this technique will not function within the
HPC.
Axial Slots
Axial slots are slots parallel to the rotational axis and can be skewed radially and/or
axially. Skewing of the slots allows for alignment with the flow at exit from the
slots. As far as the author is aware all the work using casing treatment, and in
particular axial slots has been undertaken within rotating experimental rigs or more
recently using 3-D computational methods. Much of the experimental work has
been undertaken using stator casing treatments to avoid instrumentation difficulties
in the rotating frame. This work can then be related to the casing due to the end-
wall flow similarities between the rotor casing and the stator hub. Many positions
and angles of axial slots have been attempted, but the optimum geometry appears
to be very much row specific. The lean towards the pressure surface gives the best
increase in stall margin with a lean to the suction surface giving a decrease in stall
margin.
With most of the early attempts, e.g. Smith and Cumpsty [1984] or Johnson
and Greitzer [1987] the slots covered a significant proportion of the axial chord and
were positioned between the leading and trailing edges. Johnson and Greitzer [1987]
used a previously proven design by Takata and Tsukuda [1977] and implemented on
both the rotor and hub walls. Johnson’s research compressor was low speed with a
rotor tip Mach Number of 0.24. Therefore the working mechanism did not require
compressibility and as tentatively concluded by Cumpsty [1989] the unsteadiness of
the blade passing the slots was not important.
The working mechanism behind axial slots is a removal of the high pressure flow
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towards the trailing edge and then a recirculation within the slots towards the front
part of the blade close to the leading edge. The flow, as found by Johnson and
Greitzer [1987], leaves the axial slot with a high velocity jet (compared to the inlet
end-wall axial velocity) which he suggests was strongest if the slots are leaned facing
the blade pressure surface.
One of the first reported attempts to model axial slots was undertaken by Crook
et al. [1993], the slots extended from 5% to 95% of axial chord and at 600 to the
perpendicular; similar to those of Johnson and Greitzer [1987]. They modelled
the flow using a steady extraction at the trailing edge and injection at the leading
edge. From their calculation they determined that the suction of low total pressure
fluid at the trailing edge and suppression of the leakage vortex blockage due to the
excitation from the inlet jet at the front of the passage, delayed the stall by reducing
the blockage. This method however provided no understanding of the flow structures
within the slots.
A more recent study by Wilke and Kau [2002] used steady simulations to model
the use of axial slots perpendicular to the casing within a transonic compressor. For
their case they aimed to suppress the tip clearance vortex in such a way as to prevent
the bursting of the vortex due to the shocks and thus the high static pressure region
within the tip clearance region creating the blockage. They found that the high
pressure rear end of trailing vortex moved into the slot creating a slot vortex which
then exited the slot and suppressed the rolling up of the tip clearance flow close to
the leading edge when the pressure was low. Wilke and Kau [2002] stressed the use
of unsteady simulations to capture the full effects of slots because of the relative
movement of the blade and slots.
Other recent studies include Emmrich et al. [2007], Lin et al. [2008], Ning and Xu
[2008], Lu et al. [2006b,a, 2008]. Lu et al. [2008] presents several casing treatment
designs as variations to purely axial slots; these included angled slots (i.e. not
parallel to axial) and bend skewed slots which are a combination between both
methods. They suggested that all these methods improved the stall margin. The
bend skewed slots gave the best stall margin improvement with the lowest efficiency
penalty. He also found that the driving force, as previously discussed, behind the
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improvement was the recirculation within the slots from high pressure regions to
low pressure regions.
Axial slots have successfully been implemented to raise the surge margin of many
compressor designs, with a full spectrum of Mach Numbers; most recent work how-
ever has been undertaken concerning transonic stages. All of the work until recently,
has employed rotating experimental rigs due to the interaction of the slots with the
blades. This has lead to difficulties finding optimum designs because of the unknown
flow mechanisms within the slots. Recently computational techniques have given in-
sight in to the flow patterns within the slots allowing for designs that minimize the
losses as well as the surge margin.
The author has found no literature that uses axial slots or similar within HPCs,
such as those found in industrial compressors, with large tip clearances. The perfor-
mance of axial slots for this application is unclear, however the author hypothesises
that because of the highly skewed thick boundary layer flow that passes directly over
the tip of the blade and the low blade loading, the wall pressure difference will not
be significant enough to create the required recirculation within the slots. To inves-
tigate this method, experimental rotating machines or computational simulations
would be required. Therefore and because of the facilities available to the author
this method is not investigated within this thesis but may have potential within
HPC’s if the pressure differences within the wall region are large enough.
Circumferential Grooves
Circumferential grooves are another widely researched passive end-wall treatment.
Again, as with the axial slots, the idea is to remove the high pressure low momentum
fluid and inject it back in to a lower pressure region. Practical use of circumferen-
tial grooves has been limited due to a lack of detailed understanding; their research
being limited to a few experimental investigations. Since 2002 there has been an
increased interest in circumferential grooves, possibly because of improved compu-
tational techniques allowing for enhanced detailed understanding of the working
mechanism.
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Rabe and Hah [2002] and Wilke and Kau [2002] both investigated such treat-
ments on transonic rotors and both reported significant stall margin improvements.
Rabe and Hah [2002] concluded that the additional radial and tangential flows cre-
ated within the grooves caused additional mixing and loss which reduced the effi-
ciency. As a consequence they found a thickening of the row boundary layer and a
movement of the shock upstream. They also reported that unlike subsonic rotors
were the grooves are usually deep, shallow grooves were more effective and that two
grooves close to the leading edge were better than five grooves of any depth covering
the majority of the chord. They suggested that the “working mechanism by which
circumferential grooves increase compressor stall margin is an alteration of the local
flow distribution near the pressure side of the leading edge” and that “the effective-
ness of the grooves can be measured by how much they reduce flow incidence on the
pressure side of the leading edge”.
Wilke and Kau [2002] used two circumferential groove designs, the first design
contained four grooves equally spaced with the tip chord and the second had eleven
grooves with a more stretched height to width ratio. They found that the first con-
figuration had the best results for all speeds and that close to stall an improvement
in efficiency occurred. The second configuration with eleven grooves gave poorer
results and significantly decreased the efficiency. They attribute the improvement
in stall margin to a weakening of the rolling up mechanisms of the tip leakage vor-
tex. This delayed the vortex breakdown which lead to stall. As a development to
the design they tried only modelling the first configuration with either the first or
last two slots blanked and found that there was no longer an increase in stall mar-
gin. This was because the vortex was able to form unhindered in the area without
slots. Computationally Wilke and Kau [2002] point out that steady simulation is
appropriate for circumferential treatments but for axial treatments it is not.
The NASA Rotor37 is a high pressure ratio transonic compressor rotor, and
numerous researches have implemented circumferential grooves on to it. Such studies
include Beheshti et al. [2004], Chen and Fu [2005] and Huang et al. [2008]. All
three papers reported an increase in surge margin and decrease in stall for some,
but not all, of the tested configurations. Chen and Fu [2005] employed two different
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configurations, firstly one groove placed close to the leading edge and secondly seven
grooves equally spaced across the entire axial chord. They found that only the seven
grooved design delayed stall and extended the surge margin (a similar result to Wilke
and Kau [2002]). Huang et al. [2008] numerically investigated many combinations
of slot position. For the Rotor 37, which has a tip clearance of 0.47%, the following
effect of the grooves was found: at the leading edge to 10% axial chord the grooves
had almost no effect on the stall margin as they had limited effect on the important
flow structures; between 15% and 40% chord the grooves influenced the tip leakage
vortex trajectory reducing the blockage and controlled the tip leakage vortex shock
breakdown; from 45% to 80% chord the grooves suppress the trailing edge separation
found with small or no clearances. Huang et al. [2008] therefore suggested that with
small tip clearances grooves between 10% and 90% chord should be used, and with
larger clearances grooves between 10% to 45% chord can be as effective as they only
affect the flow attributed to the tip clearance vortex.
Mu¨ller et al. [2007, 2008] successfully increased the stall margin, using circumfer-
ential casing treatment within a transonic rotor of an experimental single stage test
rig. Figure 2.11 is a picture taken from Mu¨ller’s 2007 paper showing their six deep
groove configuration. Mu¨ller et al. [2007] presents stage characteristics for several
designs with varying groove number and depth. They found that six deep grooves
spanning almost the full axial chord incurred the largest increase in surge margin.
He reported an increase in stage efficiency which he attributed to a positive effect
on the stator inlet and so having an overall stage efficiency increase. The increase
in efficiency was a result of the positive effect of the casing treatment outweighing
the increased losses within the grooves.
Mu¨ller et al. [2008] further investigates the flow patterns surrounding circumfer-
ential grooves. Using unsteady piezoresistive pressure sensor measurements on the
casing he showed that at near stall the tip leakage vortex trajectory was significantly
altered by the casing treatment. Usually at near stall the tip clearance vortex hit the
front part of the adjacent blade’s pressure surface, but with the casing treatment
the trajectory was similar to the normal operating condition and remained close
to the suction surface. Mu¨ller et al. [2008] differentiated between the tip leakage
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Figure 2.11: Mu¨ller’s Circumferential Six Groove Design (“Darmstadt Rotor-1
with CG6d Casing” from Mu¨ller et al. [2007]
core vortex (emanating from close to the leading edge of the blade) and the later
vortex emanating from further along the blade. He found that the over tip leakage
vortex, that would normally have a trajectory that impinged on to the adjacent
blade and close to stall remained close to the suction surface as if under normal
operating conditions. This shift in trajectory reduced the blockage and therefore
the operating range. Mu¨ller offered as an explanation a reduction in circumferential
tip clearance flow, which numerically he found to have a mass flow reduced by 60%
with the grooves compared to the smooth casing. The reason for this was due to
the reduced pressure gradient across the blade tip and the radial flows in to and out
of the grooves suppressing the over tip leakage flow.
Circumferential casing treatment grooves have been successfully applied to low
speed compressor rows. Lu et al. [2006b] as discussed earlier investigated axial and
circumferential slot configurations. Their circumferential slot design consisted of 5
equally spaced grooves between 8% axial chord upstream and downstream of the
blades LE and TE. He found, as with Mu¨ller et al. [2007], that the extension in
surge margin was a result of a repositioning of the tip clearance vortex towards the
suction surface of the blade due to a decreased tip clearance flow brought about by
a reduction in the blade tip loading.
Perrot et al. [2007] undertook a CFD-based investigation again of five equally
spaced grooves. They found that the grooves, as previously discussed, removed
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the cross tip low momentum fluid within the boundary layer and inject it back in
to the passage. The fluid entering the passage disturbed the tip leakage backflow
and limited the spreading of the leakage vortex towards stall. He evaluated the
contribution of each groove to the overall performance gain. The first three grooves
were found to have the largest contribution at high throttling with the last two
grooves only having a small contribution. The first groove was found to increase
the stability while the second was found to increase the performance. The third
groove added to both the overall efficiency and performance gain reaching the same
improvements as with the five grooves. Close to stall the last three grooves were
found to have a negligible effect, but for lower throttling levels they were found to
have a positive effect justifying their existence.
More advanced groove configurations have been investigated, for example Yu
[2004] tested several groove configurations within a ten stage subsonic aviation com-
pressor. The configurations included: constant groove depth with changing axial
location; linearly changing groove depths both deep to shallow and shallow to deep,
again varying the axial location; and finally three other advanced designs were tried
with varying depths including two where the blades were entrenched. They found
that changing the groove depth was important in order to obtain increased stall
margin this however involved significant effort to assess the optimum design for
each row/geometry. The author’s observation is that Yu’s results showed that there
was a significant dependence on the location of the grooves with varying depth but
with a constant depth there was not. Therefore for a robust design constant depth
grooves may be superior.
To summarise, the use of circumferential grooves have been widely investigated.
For subsonic and transonic compressors a positive effect on performance and ef-
ficiency has been demonstrated with the correct design. Circumferential grooves
appear to be appropriate for HPC geometry. As far as the author can find, no stud-
ies have been undertaken concerning large tip clearances, comparable to the size
within this thesis. This method may have potential within the HPC stages explored
within this work.
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2.8 Conclusions
This chapter has explored a selection of literature surrounding the tip leakage flows
within axial compressors. Large tip clearance flows within the HPC are the subject
of this thesis. It is clear that there is little literature available on the subject, which
illustrates the contribution that this thesis can make to the subject.
Two different cascades were used within this thesis and the description of which
follows. These cascades vary in geometry and allow for the investigation of clearance
flows. Computational simulations of the cascades was also employed to further
the experimental work. A pinch tip method is used to mesh the tip of the blade.
This methods appears valid from the available literature if the over tip leakage flow
remains unattached over the end of the blade as in the HPC.
Circumferential casing treatment appears to show potential for use within high
pressure compressors. As the working mechanism does not rely on the relative
movement of the casing and the blade, then linear cascades may be an appropriate
method of investigation. This will be investigated in Chapter 6.
The next chapter (Experimental Methods and Techniques) will present the two
cascades used for this thesis.
Chapter 3
Experimental and Computational
Methods and Techniques
This chapter describes the low speed linear cascade test facilities used within this
thesis. Two linear cascades were used, one which was adapted for tip leakage flow
investigation (Build-A) and the other bespoke for this work (Build-B). Build-A
consists of low stagger relatively high turning geometry, and Build-B had more
engine representative geometry with relatively high stagger and lower turning. Both
linear cascades attached to the exit of the same wind tunnel. This chapter includes
the following; instrumentation and data processing, wind tunnel arrangement and
flow quality, Build-A low stagger cascade and Build-B engine representative cascade.
3.1 Instrumentation
The measurement techniques used were 5-hole pneumatic pressure probe measure-
ments and blade static pressure measurements; the use of these measurement tech-
niques is well known and as such only a brief overview is included. Automated
data acquisition techniques were used and controlled using in-house software named
‘Durham Software for Wind Tunnels’; post processing of the raw data was also un-
dertaken using this software. The program suite is written in C and was operated
in Windows XP. A user manual existed within the School of Engineering for the
use and application of this software. Figure 3.1 shows the instrumentation attached
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to Build-B. Of note are the instrumentation trolley, probe, traverse equipment and
stand. The instrumentation trolley consisted (from the bottom) of a PC, uPic (mo-
tor controller), power supply, logging card, motor driver and pressure transducers.
Figure 3.1: Instrumentation
A bank of six pressure transducers with a range of ±1000 Pa were used. The
pressure transducers were calibrated by applying a series of known pressures and
measuring the resultant voltage. A linear relationship between voltage and pressure
was then assumed and the gradient calculated. The gradient was then used to
calculate the pressure from each measured voltage. For each set of measurements
taken, datum voltages were measured at atmospheric pressure with the wind tunnel
switched off. These datum values were used as the offset datum voltage due to
transducer drift and as such added or subtracted from the following measurements.
3.1.1 Pressure Probe Measurements
Two conventional five hole pressure probes were used within this work. The up-
stream traverse probe was long enough to pass through the cascade and featured
a bend close to the end to enable the head to reach the required location. This
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probe was used for the upstream traversing of Build-A and all the traversing of
the Build-B. A shorter, straighter probe was used for the downstream traverse of
Build-A.
The upstream total pressure was used as the datum pressure for all measure-
ments taken. This was measured using a pitot-probe upstream of the cascade at
mid-span and 1.0 Cx upstream. The reference pressure for each pressure transducer
was therefore connected to the upstream total pressure. The upstream total pres-
sure referenced to atmospheric pressure was also measured and used as the datum
dynamic head. This was equivalent to the upstream total pressure to downstream
static pressure and equal to the isentropic dynamic head and as such could be used
to calculate the isentropic exit velocity.
A good description of the use of five hole probe data techniques was given by
Ingram [2003] and, Ingram and Gregory-Smith [2006]. Although his coefficients were
slightly different to those used within this work the techniques were the same. The
principle of five-hole pressure probes was straightforward; in general the hole that
was aligned with the flow will measure a higher pressure than the other holes. If
the pressure difference between the holes is known for specified angles then the flow
angle on to the probe was calculated through calibration. Furthermore the total and
static pressure and therefore the velocity were similarly calculated. The difference
in pressure between the holes depends on the exact geometry of the probe head
and any probe head imperfections. At high flow angles the probe may not produce
accurate readings and so if the flow deviates outside the calibrated region (±30◦ yaw
and pitch) an error was reported and no data was recorded for that point.
Calibration was undertaken by moving the probe about the probe head through
a known set of angles and recording each of the five hole pressures. These pressure
values were then used to calculate coefficients of yaw, pitch, dynamic pressure and
total pressure. A calibration rig was used to do this which consists of a fan that
supplied air to a smooth nozzle which exhausted a uniform jet over the probe head
to atmosphere. Also measured was the nozzle total pressure and static pressure for
each measured angle; these were measured either side of the nozzle and therefore
nozzle calibration was required and applied to ensure that the measured values
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corresponded correctly to the value at the probe tip. For this work the probe
pressures were measured relative to the upstream total pressure, therefore the value
of the total pressure used for the coefficient calculation was set to zero plus the
nozzle calibration offset. The coefficients obtained for each angle were then used to
generate a calibration file. If the average pressure of the 4 outer holes was found
to be higher than the central hole, the coefficients were considered to be inaccurate
and therefore the probe was reported to be out of range within the calibration file.
The measured flow angle and pressure on to the probe within the cascade were
found by reversal of the coefficients. These reversed coefficients were used to inter-
rogate the calibration file and through linear interpolation between the calibration
grid points, the angle and pressures that corresponded to the individual probe pres-
sure condition was found. If the probe was out of range an out of range fault code
was reported for the data point and the values set to zero.
Traverse Equipment and Probe Installation
The probe was manoeuvred using a 3 axis automated traverse to set the x, y and z
location. The probe yaw angle could be altered using a rotary actuator but no probe
pitch angle control was available. This equipment was mounted on a support frame,
adjacent and attached to the cascade. Figure 3.1 shows the traverse equipment fitted
to Build-B. Further details of the traverse set up and location are shown in Section
3.4, for Build-B. The definition of the probe angle and flow vector are shown in
Figure 3.2 taken from the software manual. The probe was attached to the traverse
equipment via a clamp which attached via a rod in the radial axis to the rotary
actuator. The probe was moved through the clamp to set the axial range of the
probe. To set the probe angle the probe was positioned parallel with the exit of the
cascade (90◦ yaw) and then rotated to the required probe angle. The head position
was then set using a jig of known position relative to the datum.
Post Processing
Post processing of the logged data was undertaken using programs within the
‘Durham Software for Wind Tunnels’ software suite, some of which were written
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(a) Probe Angle (b) Flow Angle
Figure 3.2: Definition of Flow Vector (from ‘Manual for Durham Software for
Wind-Tunnels Version 2.0’)
especially for this project. Initially the ‘TravLogVolts’ program moves the probe
through the traverse grid and outputs voltages for each point. The voltages are
then converted to pressure using ‘ApplyCal’ and the probe calibration applied using
‘Apply5hCal’. This outputs values of ‘PDynRefMeas’ as the datum pressure (total
pressure upstream - atmospheric pressure) and, ‘Yaw’, ‘Pitch’, ‘P0’, ‘Pdyn’, ‘Ps’, ‘V ’,
‘Vx’, ‘Vy’, and ‘Vz’ at the probe head for each grid point. The raw data of voltage and
pressure for each hole also remained in the calibrated file. Tecplot, a commercial
and widely used graphical plotting program, was used to create contour plots of
the data files. The pressure loss coefficient was calculated within Tecplot and was
defined as:-
Cp0 =
PT,upstream − PT,local
1
2
ρV 2isentropic
=
PT,upstream − PT,local
PT,upstream − Patmospheric
, (3.1)
Pitch Mass Weighted Averaging
Pitch averaging of the previously mentioned variables, including the pressure loss
coefficient, was undertaken using the program ‘PitchAverage’ which was written for
this project. The pitch averaging was undertaken using standard methods with each
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variable being weighted using the axial velocity (Vx). The tangential pitch averaged
boundaries were different for each cascade. The pitch averaging was undertaken
using the trapezium rule which was sufficiently accurate.
The pitch averaged pressure loss coefficient was as follows, where h was the pitch:
Cp0 =
∫ h
0
Cp0.Vx.dt∫ h
0
Vx.dt
. (3.2)
The pitch averaged velocity (V ) and its components; axial (Vx), tangential (Vy) and
radial (Vz) were:
V =
∫ h
0
V.Vx.dt∫ h
0
Vx.dt
, (3.3)
and the pitch averaged axial velocity was:
Vx =
∫ h
0
Vx.dt∫ h
0
.dt
, (3.4)
and the yaw angle was calculated as:
α = arctan
vy
vx
. (3.5)
This method of calculating the yaw resulted in the pitch mass averaged yaw corre-
sponding to the correct tangential momentum and mass flow.
Area Mass Weighted Averaging
The area averaging was undertaken using the trapezium rule and weighted using
the pitch averaged axial velocity which was undertaken within a ‘Microsoft Excel’
spreadsheet. In general, within this work, this was undertaken from mid-span to
5mm (2.6%-span) from the casing. 5mm was the limit of the traverse from the cas-
ing and therefore introduced a small unavoidable error in the results. Extrapolation
up to the casing would have been possible, however because the flow variation close
to the casing was large this would have been an unreliable method and had no ad-
vantage over the method used. Area averaging was undertaken using the trapezium
rule to solve the following equations:
The area averaged loss was:
Cp0 =
∫ S
0.5S
Cp0.Vx.dr∫ S
0.5S
Vx.dr
. (3.6)
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Area averaged axial velocity was:
Vx =
1
0.5S
∫ S
0.5S
Vx.dr. (3.7)
Area averaged tangential velocity was:
Vt =
∫ S
0.5S
Vt.Vx.dr∫ S
0.5S
Vx.dr
. (3.8)
Again the area averaged yaw was calculated from the area averaged tangential and
axial velocities.
α = arctan
Vy
Vx
(3.9)
Vector plots
Projected 2-D secondary vector plots were used within this work; the advantage
was to remove the primary velocities and therefore visualize the secondary flows.
This was undertaken by projecting the velocities on to the 2-D plane of interest and
then subtracting the pitch averaged mid-span projected value. The secondary flows
for Build-B were at a high angle to the axial measurement plane and therefore the
tangential velocity was too high for this technique to be used. Altering the viewing
angle so as to look along the cortex aids with this but this is difficult to plot. For
this reason meaningful 2-D velocity vectors were not possible and therefore not used
for Build-B.
3.1.2 Blade Static Pressure Measurements
Blade static pressure measurements were undertaken for both cascades. Each in-
strumented blade consisted of several tubes running radially along the length of
the blade which had 1.6mm diameter tapings at several span-wise locations. To
limit the measurements to one span-wise tapping row the other rows were sealed
using tape. Again the automated measurement of the pressure within these tubes
was undertaken using ‘Durham Software for Wind Tunnels’. Each blade pressure
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tube was linked through a scani-valve to one of the pressure transducers; this al-
lowed for many tubes to be linked to one transducer and automatically measured in
turn. This was undertaken using the program ‘logScani’ which controlled the valve
and measured the pressures. Also measured and recorded were the upstream total
and the atmospheric static pressures. The relative dynamic head was again defined
as upstream total minus atmospheric static pressure. The program ‘logScani’ out-
putted the voltage and pressure for each measurement and calculated the pressure
coefficient which was defined as:
Cp =
PS,local − PS,atmospheric
1
2
ρV 2isentropic
=
PS,local − PS,atmospheric
PT,upstream − PS,atmospheric
, (3.10)
Plotting these values of both blade surfaces against the axial chord gives the blade
loading profile. Integrating the blade loading profile gave the blade loading coeffi-
cient and this was integrated using the trapezium rule. The loading coefficient was
calculated using:
CL =
1
Cx
∫ C
0
(CpPS − CpSS)dx (3.11)
This was solved using the trapezium rule, where ‘dx’ was the change in axial dis-
tance between the data points. Integrating the loading coefficient along the blade
span indicated the blade loading. Again this was undertaken using the trapezium
rule and the boundaries were from mid-span to the last tapping row at the tip of
the blade (2% span from the tip of the blade):
CL =
1
0.5S
∫ 1.0h
0.5S
CL.dr (3.12)
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3.1.3 Measurement Error
All measurement entails error. The 5-Hole probe was the largest error sauce within
the experimentation. This was caused by the probe positioning both within the
calibration and experimental rig. It was estimated that the angle set-up within each
rig was within ± 0.5◦ and therefore the resultant angle measurement was within
± 1◦ in both the yaw and pitch direction. As the probe angle was only set at the
start of a each measurement campaign this error was eliminated for each set of data
in relative terms. The Cp0 error was within ±0.05.
3.2 Wind Tunnel Arrangement and Flow Quality
The open flow, low speed wind tunnel as shown in Figure 3.3 consisted of an 11Kw
fan which diffused in to a large settling chamber. A gauze screen within the settling
chamber equalized the total pressure. The flow exited the settling chamber through
a 7.5:1 contraction ratio nozzle through a section of 0.25x0.8m. The exit flow velocity
of the tunnel was controlled through the the fan speed. Details of the flow quality
are shown when describing Build-A. Yang [2004] described the design of the tunnel
and the first linear cascade (Build A) in more detail.
Figure 3.3: Wind Tunnel Schematic (Not to Scale)
3.3. Low Stagger Cascade (Build-A) 55
3.3 Low Stagger Cascade (Build-A)
3.3.1 Cascade Geometry and Details
Figure 3.4: Build-A Photograph from Yang [2004]
As previously stated the first cascade was modestly adapted for the study of
tip leakage flow from its previous use for unsteady CFD validation, undertaken by
Yang [2004] and a picture of which is shown in Figure 3.4 and a schematic drawing
in 3.5. The cascade located at the wind tunnel exit exhausted to atmosphere one
axial chord after the trailing edge. Seven aerofoils including profiled upper and
lower boundaries gave eight passages in total; allowing for reasonably periodic flow.
Hinges at the top of the cascade enable the geometric inlet angle to be altered. A
movable bottom splitter plate (aligned horizontally) allowed for the vertical change
in inlet height due to the change in cascade angle; the split flow passed to atmosphere
below the splitter plate. The bypass diffusion could be controlled by altering the
bypass diffuser. A side wall boundary layer bleed was located one axial chord length
upstream of the leading edge. The bleed plate was 3mm thick ensuring minimum
interference on the flow.
The controlled diffusion aerofoil used was that as designed by Sanger [1983]
and intensely tested in open literature including Sanger and Shreeve [1986]. Blade
properties are shown in Table 3.1 and the profile is shown in Figure 3.6. Two of the
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Figure 3.5: Build-A Schematic
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Figure 3.6: Build-A Blade Profile
blades were instrumented, these being the central blade and one other which could
be moved in to any blade location. Pressure tapings at various radial locations (20,
50, 70, 90, 95 and 98% span wise sections) were positioned on both surfaces of the
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blade. There were 14 pressure tappings on the suction surface and 10 tappings on
the pressure surface.
Passing the blades radially through the hub enabled the TC value to be altered
and supported at the hub end of the blade. The blade tips were supported using a
3mm threaded bar fixed in the end of each blade and passed through the casing wall.
Due to the size, the tip suspension bar was assumed to have little effect on the blade
loading close to the tip; Build-B did not use such an arrangement and similar blade
tip loading features were found, therefore this assumption was reasonable. Within
the CFD the tip suspension bar was not accounted for.
Number of Aerofoils 7
Pitch 0.09 m
Blade Span 0.19 m
Stager Angle 14.2◦
Inlet Flow Angle (Nominal) 37.5◦
Isentropic Exit Velocity 19.5 m/s
Reynolds Number Based on Chord 1.95 × 105
Side Wall Bleed Location 1 Cx Upstream
Pitot-Probe Location 1 Cx Upstream
Aerofoil Type Controlled-Diffusion Blade
Chord Length, C 0.15 m
Aspect Ratio, h/C 1.27
Maximum Thickness 0.07C
Leading Edge Radius 0.00132 m
Trailing Edge radius 0.00186 m
Solidity (C/S) 1.67
Table 3.1: Build-A Properties
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3.3.2 Tunnel Exit Flow Conditions
The tunnel exit flow was assessed using a 5-hole probe traverse at the exit of the
tunnel. The cascade was removed at the hinge and the traverse was carried out
downstream of the honeycomb section; the measurement plane location and axis
definition are shown in Figure 3.7. Yaw was defined as the angle up and down,
between the x and y axis. Pitch was defined as the side to side angle between the x
and z axis. The tunnel exit was 0.25 × 0.8 m.
A traverse filling the majority of the tunnel exit was undertaken along the tra-
verse plane as shown in Figure 3.7. One dimensional sample results (defined in
Figure 3.7) of the exit traverse are shown in Figure 3.8. It was assumed that the
high and low pitch values (< 3◦ & > 3◦) close to the wall were as a result of a
5-hole probe error. Since the size of the probe was thicker than the boundary layer
the probe measured an incorrect flow angle. The results showed that the yaw and
pitch were between ±1◦ for the majority of the main stream flow and so the flow
angle was reasonably uniform throughout the exit of the wind tunnel. The total
pressure coefficient was within +0.1 and -0.02 across the tunnel exit. A rise in total
pressure close to the hub wall (z = 0) existed, however as this was not the wall of
interest and did not affect the results. The variation in exit flow was acceptable for
this work.
Figure 3.7: Tunnel Exit Measurement Plane
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(a) Yaw (b) Pitch
(c) Cp0 (d) Vx
Figure 3.8: Tunnel Exit Conditions
3.3.3 Cascade Traverse Locations
The inlet and exit traverse locations are shown in Figure 3.9 along with the grids
used. Also shown is the co-ordinate system; x was defined as axial, y was tangential
and z was radial. The origin was defined as the trailing edge of the central blade at
the hub. Four blade passages at inlet and 2 passages at exit were traversed. Pitch
averaging was undertaken across both exit traverses and all four inlet traverses.
The upstream traverse was undertaken by inserting the probe through the blade
row and therefore the traverse area was limited for a given probe angle. The inlet
traverse was located at 0.5Cx (72.5 mm) upstream of the leading edge and extended
to cover the inlet of the central 4 passages. Two traverses at different probe angles
covered the majority of each passage area, however there was a small area not
covered by the inlet traverse. The grid extended to 5 mm from the wall.
The exit traverse was undertaken at 1.2Cx (29 mm) downstream of the trailing
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edge. Two blade passages were covered from mid passage to mid passage of the
central blade and the blade below it. This traverse location was chosen so that the
pitch averaging boundaries would not coincide with the wake.
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Figure 3.9: Build-A Measurement plane
3.3.4 Cascade Inlet Flow Conditions
Significant effort ensured high quality inlet flow conditions to the cascade (Build-
A). This included: adaptation of the inlet casing and hub bleed plates to a 3 mm
aluminium sheet ensured a periodic boundary layer; control of the side wall bleed
rate, control of the incoming periodicity through the bottom bypass diffuser angle;
and altering the cascade’s geometrical angle to match the required inlet flow angle.
The inlet flow to the cascade was conditioned to ensure uniform periodicity and an
inlet flow angle of 37.5◦ at an inlet traverse location of 0.5Cx upstream of the leading
edge (0.5Cx downstream of the bleed).
The inlet flow angle was found to have a deviation to the geometrical angle of
approximately 5◦. To allow for the offset the cascade geometrical angle was set to
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42.5◦. This offset requirement was attributed to the finite number of blades in the
cascade, further mention of which will be made in Section 5.1.6 on page 138. Good
practice was found to include the angle of the bottom plate (set horizontal), the
bottom diffuser angle and the diffusion of the side-wall bleeding being accurately
set. The inlet pitch mass averaged yaw and total pressure loss, pitch averaged over
the central four passages, can be seen in Figure 3.10(a). A significant boundary layer
with low total pressure and high skew on the walls was evident which was attributed
to the sidewall bleed pushing the flow down. Also of note was the increase in total
pressure and decrease in yaw towards the hub. Only the outer 50% span was of
interest so this was unimportant and the inlet condition was reasonable for the
measurement campaign.
Figure 3.10 also shows contour plots of Cp0 (Figure 3.10(b)) yaw (Figure 3.10(c))
and Vx (Figure 3.10(d)). The increase in Cp0 and decrease in yaw within the hub
side of the cascades inlet was evident within the contours and this was accompanied
with an increase in axial velocity. The increased total pressure in the hub region
at tunnel exit (Figure 3.8) was responsible for this. Generally the total pressure
increased and the angle decreased towards the bottom of the cascade. In the top
left hand corner the location of the pittot-probe was visible by the high loss region,
low yaw angle and low axial velocity.
Considering the multi-row case with highly skewed flow at the wall these inlet
conditions were deemed acceptable, however not engine representative. Generally
the boundary layer will typically extend 0.2 span from either wall. For this cascade
the boundary layer thickness was less than 0.1 span but the boundary layer’s skew
of ≈ 10◦ on the casing was representatively high.
3.3.5 Cascade Exit Flow Conditions
The cascade exit total pressure coefficient (loss) across both passage exits is shown
in Figure 3.11. A reasonable tangential similarity was observed between passages
demonstrating periodic conditions. However there was a difference between the hub
and casing; on the casing (right hand side of the plot) there was clear evidence
of an accumulation of high loss fluid on the suction/casing hub junction and a
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(a) Pitch Averaged Yaw & Cp0
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Figure 3.10: Build-A Inlet Flow Conditions
passage vortex close to the corner, indicating a corner separation. On the hub
however the passage vortex filled much more of the passage and the loss was more
uniform across the pitch. The reason for the difference in hub and casing flow was
found to be as a result of atmospheric air passing in to the cascade from the gap
between the blades and the hub-wall preventing the accumulation of low energy fluid
and therefore preventing the corner separation. This plot demonstrated reasonable
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periodic conditions and because the area of interest was the casing and not the hub
these conditions were acceptable for tip leakage investigation.
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Figure 3.11: Build-A Exit Traverse Cp0 Contours with 0%TC
3.3.6 Cascade Loading (Diffusion Factor)
As described by Cumpsty [1989] the blade loading can be assessed using the Diffusion
Factor. This can be calculated using:-
DF = 1−
V2
V1
+
∆ Vθ
2σ V1
(3.13)
where:-
σ =
BladeChord
BladeP itch
= Solidity, (3.14)
V1 and V2 are the velocities into and out of the blade row respectively, and
∆ Vθ is the change in whirl velocity or tangential velocity. Diffusion factors of 0.6
generally indicates blade stall and 0.45 may be taken as a typical design value. With
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incompressible flow with constant axial velocity this can be simplified to:-
DF = [1−
cos α1
cos α2
] +
cos α1
2σ
(tan α1 − tan α2). (3.15)
Using this second equation the diffusion factor for this cascade at mid-span with
zero clearance was 0.32. This was calculated using the mid-span design inlet angle
of 37.5◦ and the measured exit angle of 5.6◦. Therefore this cascade was moderately
loaded.
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3.4 Engine Representative Cascade, (Build-B)
The second cascade (Build-B) attempted to simulate tip leakage flows with engine
representative geometry and inlet conditions. The blade geometry used was that
of Build II of the Dresden 4-Stage Low Speed Research Compressor (DLSRC), this
geometry was representative of a typical HPC. Details of the LSRC are given by
Boos et al. [1998], and Mu¨ller and Vogeler [2007]. The blade geometry was that of
the casing section and in the cascade it was scaled by 1.75 in the circumferential
plane. Radially the cascade span was 180 mm and so the scaling was 1.5 from
the DLSRC, which was the maximum size possible to mate with the existent wind
tunnel. At mid-span the inlet flow axial velocity was approximately 15 m/s.
A requirement of the cascade design was to provide realistic inlet conditions
which were chosen to match those at inlet to rotor 3 of the DLSRC ‘Build II’. The
aim for the natural inlet condition of the cascade was to have an inlet angle of 55◦ at
mid-span and a natural boundary layer on the casing (low skew). With the realistic
inlet boundary condition (high skew) the aim was to have an increase of 10◦ yaw on
the casing with a linear distribution up to the nominal inlet angle at 80% span.
Figure 3.12 shows the inlet yaw angle upstream of rotor 3 of the DLSRC (dashed
line). The ideal linear cascade inlet boundary layer as aimed for with this work
is shown by the solid line. To achieve these inlet conditions upstream tangential
injection was implemented and details of which are presented below.
3.4.1 Cascade Geometry and Design
This bespoke cascade was designed by the author and built within the School of
Engineering workshops. Figure 3.13(a) and Figure 3.13(b) show a mid-span section
of the cascade on to the hub and casing walls respectively; Figure 3.14 shows a
picture of the cascade. Table 3.2 gives some of the cascade and blade dimensions.
Manufacture and assembly of the entire cascade was undertaken over 8 weeks. The
materials used included Perspex, Plywood, Medium Density Fibreboard (MDF) and
softwood along with steel and aluminium fastenings. The design allowed for easy
assembly and disassembly of the entire test facility to accommodate for and future
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Figure 3.12: Linear Cascade Inlet Flow Angle Derivation
alterations. Further details of the design and design requirements can be found in
Williams et al. [2007b].
The blades were manufactured using rapid prototyping technology within the
department. This technique enabled the blades to be manufactured quickly and
instrumented without intensive machining, making this technology ideal for a low
speed linear cascade.
The cascade had 8 movable blades which passed through the hub and were
cantilevered from a plate; the variable position of the plate along the fixing studs
allows for the variation of tip clearance size. Two fixed blades formed the top and
bottom passages of the cascade giving 8 passages in total. Variable exit diffusers
were located at the trailing edge of the top and bottom blades to control the cascade
periodicity through the exit diffuser angle.
Removal of the tunnel hub and casing boundary layer was accomplished by bleed-
ing 2.5 axial chord lengths upstream of the blade leading edge. The bleed had a
width of 20 mm and spanned the full length of the cascade. The cascade was hinged
around the leading edge of the top blade to allow for a change in incidence during
set-up of the inlet conditions. Once chosen, the cascade angle was permanently set
to a geometrical blade inlet angle of 58◦. Top and bottom inlet horizontal split-
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(a) View on to Hub
(b) View on to Casing
Figure 3.13: Build-B Sectional View
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Figure 3.14: Picture of Build-B
ter plates allowed for changes in cascade angle and removal of the top and bottom
tunnel boundary layers. These were set horizontally and extended 3 chord lengths
upstream. Suction of the splitter plate boundary layer upstream of the top and
bottom blades was available but not used and therefore blanked off.
Control of the inlet boundary layer flow angle was implemented by injecting air
through a slot located at -1.5Cx, that is 150% of axial chord upstream of the blade
leading edge. The slot width could be controlled up to a maximum of 30 mm. For
the first configuration without injection the slot was blanked to create a smooth
casing. The injection took place over 95% of the cascade tangential length starting
from the top. The inlet traverse was located at 0.5Cx upstream of the blade row
which was therefore after the injection slot.
The effect of skew at inlet was investigated using two inlet flow configurations.
The first used the natural inlet boundary layer of the cascade (2◦ skew, 10% span
thickness, labelled ‘Low Skew’) and the second had a more engine representative
inlet boundary layer (10◦ skew, 20% span thickness, labelled ‘High Skew’).
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Number of Aerofoils 7
Number of Passages 9
Aerofoil Pitch 131.25 mm
Cascade Annulus Height 180 mm
Upstream Side Wall Bleed Location -2.5Cx from leading edge
Inlet Injection Location -1.5Cx from leading edge
Pittot-Probe Location -1.0Cx from leading edge
Cascade Exit 2.0Cx from leading edge
Inlet Flow Angle (Mid-Span) 55◦
Cascade Reynolds Number 3.622 × 105
Aerofoil Chord (C) 204 mm
Aerofoil Axial Chord (Cx) 140 mm
Stager Angle 46.5◦
Aspect Ratio (Span/C) 0.88
Solidity (Chord/Pitch) 1.55
Inlet Velocity 23 m/s
Table 3.2: Build-B Properties
3.4.2 Inlet Injection Design and Implementation
As discussed, to achieve the casing inlet skew, upstream tangential injection was
implemented. The feasibility of this method was investigated using both analytical
and computational techniques and shown to be a practical method. Analytically
this involved matching the casing boundary layer with the slot’s tangential injection
momentum and energy. Computationally a commercial CFD package (Fluent) was
used to investigate the effect of slot width and flow angle. Both methods showed
that the the use of injection for controlling the inlet boundary layer thickness and
angle was feasible, but they were not deemed sufficient to choose an exact injection
design. Therefore geometrical flexibility was essential in the design. Details of this
process can be found by Williams et al. [2007b].
A schematic of the injection system is shown in Figure 3.15. Within the injection
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(a) Cross-section Across Chamber
(b) Cross-section Along Chamber
Figure 3.15: Injection System Drawings
slot forty nine injection guide vanes (IGV’s) could be altered to give a geometrical
exit angle between 5◦ and 40◦ to the casing wall. Twenty two pipes supplied air
to the slot, which were in turn supplied from a fan via a settling chamber. The
fan speed could be altered to vary the injection mass flow rate. At either end of
the injection slot the flow was affected by the slot end plates, however because this
occurred away from the measured passages it was considered to have a negligible
effect on the results.
To obtain the desired inlet flow boundary layer the slot width, IGV angle and
injection mass flow were systematically varied. This process is not documented
within this thesis, further details of the procedure undertaken can be found within
Williams et al. [2008b]. It was necessary to alter the IGV angle along the length of
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the injection slot to improve the boundary layers periodicity. The IGV angle was
set to 10◦ at the top of the cascade and 5◦ at the bottom. A fan speed of 30 Hz was
chosen which approximated to a mass flow of 7.5% of the tunnel mass flow rate. The
slot width was set to 30 mm. With the final injection arrangement the mid-span
variation was approximately 1◦ and the casing variation was around 6◦ across the
length of the cascade. At inlet to the passages of interest, and as used for the inlet
pitch averaged data, the casing variation was only 4◦.
3.4.3 Instrumented Blade
Figure 3.16: Build-B Blade Profile & Instrumentation
As previously stated the geometry was that of the casing section of the LSRC
scaled by 1.75. This was the maximum scaling possible to allow for 9 passages
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and the required angle variation at exit of the tunnel. Three of the blade were
instrumented (Figure 3.16) with pressure tapings; the central blade had pressure
tapings on both the pressure surface (PS) and the suction surface (SS), and the
blades either side of the central blade had static pressure tapings on the surface
closest to the central blade. The 1.6 mm tapings connected to tubes which ran the
length of the blade and protruded through the hub. The taping holes were located
in constant span-wise rows along the blade. The span-wise spacing was as follows,
from the tip; 2% chord for the first 10% chord, 5% chord up to 50% chord and 10%
chord up to 80%. Therefore sixteen tapping rows existed along the blade. Tape was
used to isolate the end of the tubes at the tip of the instrumented blades and to
cover the unused taping rows. Pressure measurement was also possible on the tip of
the blade due to the pipes running the full length of the blade. This was therefore
around the edge of the blade as can be seen on the end of the instrumented blade
in Figure 3.16.
3.4.4 Cascade Traverse Locations
Inlet traverse
The inlet and exit traverse locations are shown in Figure 3.17. The datum was
defined as the trailing edge of the central blade on the hub; x was axial, y was
tangential and z was radial. Similar to the first cascade the upstream traversing was
undertaken 0.5Cx upstream of the leading edge by positioning the probe through
the blades. For each passage inlet the grid was split in two, with two probe angles
for each passage inlet. The traverse limit was 5 mm from either wall and the mea-
surement grid density was 5 mm × 4 mm (Tangential x Radial) within 45 mm (25%
annulus height) from both cascade walls and 5 mm × 10 mm for the central region
of the annulus. While examining the cascades periodicity, pitch averaging was un-
dertaken for each individual passage. For the inlet condition, as shown in Figure
3.20, pitch averaging was undertaken across the inlet to the central 4 passages (‘In.
Pass-2’ to ‘In. Pass2’, as defined in Figure 3.17).
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Exit Traverse
Two axial exit traverse locations were used, 1.2Cx and 1.5Cx. A selection of results
from 1.5Cx are included in the appendix. Three passage exits were covered and the
boundaries of each were axially in-line with the trailing edge of each blade as shown
in Figure 3.17. The mesh density was 2.5 mm × 2 mm within 30 mm of the walls
and 2.5 mm × 5 mm for the central region. For the results with tip clearance, only
the outer half of the cascade was measured.
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Blade 1
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Figure 3.17: Build-B, Measurement Plane
General practice would require the choice of pitch averaging boundary to be
a tangential location with low loss. However the changing flow structures with
clearance and absence of a low loss pitch-wise region, prevented this. Therefore
pitch averaging was undertaken across all 3 passages. This method gave similar
results to the central passage if the pitch averaging boundaries were moved to be
relative to the same flow feature for each tip clearance measured. Unfortunately
this method prevented the comparison between the two downstream traverse planes
because different flow structures were captured between axial locations.
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Internal traverse
Internal passage traversing, from 0.3Cx to 1.0Cx, was undertaken as shown in Figure
3.18. This was undertaken within ‘Pass1’ which related to the central blade’s tip
leakage flow. The tip leakage flow within the passage was fully covered by the
traverse region. However the manoeuvrability within the passage, due to the size
and geometry of the probe, prevented full pitch-wise traversing within the pressure
surface region towards the front of the blade row. No traversing within the clearance
region was undertaken. Again only the outer half of the cascade was measured and
the mesh density was the same as for the exit traverse.
X Y
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0.4Cx
0.5Cx
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0.8Cx
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1.0Cx (TE)
CENTRAL BLADE
CENTRAL GRID:-
2.5mm TAN
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BOUNDARY GRID:-
2.5mm TAN
x 2mm RAD
Figure 3.18: Internal Measurement Plane
3.4.5 Cascade Inlet Flow Conditions
High quality uniform periodic flow was ensured at inlet to the cascade. Details
of the process are not included but a brief overview can be found by Williams
et al. [2008a,b]. Again, similar to the first cascade, the inlet flow angle at the inlet
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traverse plane did not correspond to the geometrical angle but instead varied by ≈ 5◦
from the cascade geometrical angle which was set to 58◦. A significant reduction
in periodicity occurred with a geometrical angle above this value. The inlet flow
conditions shown here are as used for the measurements. Figure 3.19(a) (low skew
inlet) and 3.19(b) (high skew inlet), show the change in pitch averaged yaw angle
for each passage inlet as defined in Figure 3.17. At mid-span with the low skew
inlet the cascade had a 2◦ variation in yaw angle, 0.02 variation in loss coefficient
(Cp0) and 1 m/s variation in axial velocity along the length of the cascade. The
pitot-probe wake, observed at the top of the cascade, was the exception to this. The
high skew inlet reduced the mid-span yaw variation to 1◦ while the loss and axial
velocity variation were similar.
(a) Low Skew Inlet (b) High Skew Inlet
Figure 3.19: Pitch Averaged Inlet Yaw Angle (Averaged Individual Passages)
Figure 3.20 presents the pitch averaged axial velocity, yaw angle and loss across
the inlet to the central four passages for both inlet skew conditions with no tip clear-
ance. At mid-span (0.5 span) there was little difference between the axial velocity
and Cp0 for the different inlet boundary conditions. The yaw angle with increased
skew was approximately 1◦ higher than without, which was due to a redistribution
of mass flow away from the casing brought about by the increased boundary layer
blockage. Both inlet conditions had a lower mid-span inlet angle than required and
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(a) Cp0 (b) Yaw & vx
Figure 3.20: Pitch Averaged Inlet Conditions (Averaged Central Four Passages)
this will be discussed in Section 5.1.6 on Page 138. Towards the casing the increase
in yaw angle, although offset, was reasonably close to the required profile. The
axial velocity and total pressure boundary layer profiles were both acceptable. A
constant fan speed was used for all clearance values and both inlets throughout the
measurement campaign.
3.4.6 Cascade Exit Flow Conditions
The loss at the cascade exit (without clearance) is shown in contour form in Figure
3.21 and pitch averaged form in Figure 3.22(a). The effect of the pitot-probe was
clearly visible downstream and a large loss in the hub region of the bottom passage
existed; this was however far from the area of interest and therefore not influential.
The pitch averaged results in Figure 3.22 enlightened the difference between the
passages. In general there was slightly more blockage corresponding to lower axial
velocity, more loss and increased yaw angle at the hub. This was a result of atmo-
spheric air entering the cascade through the hub from the gap between the blade
and the hub. The central 4 passages had good periodicity, an increase of less than
one degree in yaw from Pass2 to Pass-2 and a change of less than 0.5 m/s reduction
in axial velocity existed. These exit results were deemed reasonable and fit for the
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Figure 3.21: Exit Total Pressure Loss Contours
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purpose of tip leakage investigation.
3.4.7 Cascade Loading (Diffusion Factor)
The method for calculating the diffusion factor was given in Section 3.3.6 on Page
63. The diffusion factor for Build-B was 0.29 which was calculated using (equation
3.15) and the designed inlet angle of 55◦ and measured exit angle of 43◦.
3.5 Computational Methods
This section describes the computational methods and grids used within this thesis.
3.5.1 Code
The computations within this thesis were undertaken using a code developed by He
at Durham University called TF3d-20. A good description of the code structure
can be found by He [2000]. The code iteratively solved the Reynolds averaged 3D
unsteady compressible Navier-Stokes equations. Turbulence closure was achieved
the using the Spalart-Allmaras model (Spalart and Allmaras [1992] for the majority
of this thesis. Section 4.1 used the Baldwin and Lomax model(See Baldwin and
Lomax [1978] turbulence model instead. The governing equations were discretized
in space using the cell centred finite volume scheme which were integrated in time
using the explicit four stage Runge-Kutta method. To accelerate convergence multi-
grid and local time stepping was used. Boundary layer trips were located on the
blade SS and the casing to ensure a turbulent boundary layer and convergence.
For the results within the rest of this thesis the code was run to at least 5000
time which ensured convergence with a maximum axial velocity change between
time steps less than 0.001 and the difference between inlet and outlet mass flow rate
of less then 0.05%.
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(a) Cp0
(b) Yaw
(c) Ux
Figure 3.22: Pitch Averaged Exit Flow Conditions (Averaged Individual Passages)
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3.5.2 Build-A CFD Method, Effect of End Wall Motion
This section describes the mesh and settings used to investigate the effect of end
wall motion in Chapter 4, Section 4.1 starting at Page88.
Grid
A structured H-mesh type grid was used and the blade tip was modelled using the
pinch tip method. The grid extended 1 axial chord length upstream and two axial
chord lengths downstream. The long mesh downstream was to allow for mixing of
the tip clearance vortex before reaching the computational domain exit. The mesh
extended at an angle of 37.5◦ upstream and 0◦ downstream with reference to the
axis which matched the inlet and approximately match the outlet flow angles. There
were 156 axial, 60 span-wise and 41 axial mesh cells giving a total of 383760 mesh
cells. The blade profile was based on the measured cascade geometry (rather than
the nominal coordinates). To approximate a linear cascade within the CFD the
cascade hub radius was specified as 100 m.
The grid was the same for all clearances and to change the clearance the blade
was made shorter within the grid through specification of the blade tip radius. In the
span-wise direction the casing mesh spacing was such that a fine grid captured the
tip clearance flow for up to a tip clearance of 10% span. Figure 3.23 shows the pinch
tip mesh with a 6% tip clearance (6%TC) at 90% axial chord. A uniformly fine mesh
existed close to the casing and each cell was 0.5% span and so with 6% tip clearance
there were 12 cells in the tip clearance between the casing and the blade tip. The
pinch was spaced over two percent of the span i.e. over 4 cells. The fine mesh
extended to 12% tip clearance (26 cells). Beyond this the mesh spacing expanded
towards mid-span before becoming finer again close to the hub. Cell stretching was
kept within a ratio of 1.3 and the pinch angle lower than 60◦. The same axial and
pitch wise spacing was used for all clearances. Smaller cells on the blade surface
and at the leading and trailing edges captured the flow features whilst not creating
numerical instability.
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Figure 3.23: Pinch Tip Grid at 0.9Cx
Boundary Conditions
The boundary conditions for this section were taken from design conditions provided
by Yang [2004]. No inlet boundary layer was specified.
A radially uniform inlet profile was specified across the full span. For the sta-
tionary case a yaw angle of -37.5◦, stagnation pressure of 1.01575 bar and total
temperature of 293 K were specified. The static pressure at exit was 0.99 bar on the
hub. The exit static pressure was chosen to give an inlet axial velocity 3 times higher
than within the linear cascade, which ensured convergence. To ensure the correct
operating condition the Reynolds Number was set the same as the experimental
cascade operating condition and therefore ensuring the correct fluid viscosity.
For the rotating case the inlet conditions were set to ensure the same cascade
loading and inlet conditions. Therefore the stagnation pressure at inlet was 1.00310
bar with an inlet (absolute) flow angle of zero. To ensure the same velocity triangle
as for the stationary case, the rotational speed was 4.355 rpm.
3.5.3 Build-A CFD Method
Following the experimental campaign the computational results were revisited from
those used to investigate the influence of casing motion and the code settings and
mesh improved. This process was undertaken to ensure that the solution was as
accurate as possible.
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This section describes the mesh and settings used in Chapter 4 other than Sec-
tion 4.1.
Grid Details
A structured H mesh was used and the tip clearance was modelled using the pinch tip
method introduced previously. Although other more accurate methods could have
been available with another code, this method offered reasonable results without
adding complexity and increasing computational time. To avoid excessive numerical
instabilities around the pinch tip the pinch angle was limited to sixty degrees from
the radial direction (as shown in Figure 3.24). The tip clearance was defined as the
distance between the tip of the pinch and the casing. This clearance size definition
may explain some of the discrepancy between the experimental and computational
results; as previously explained in the literature review (Chapter 2 Section 2.6 on
Page 30) the selection of the correct clearance size is essential for a pinch tip model
to accurately predict the flows. Generation of the grid was undertaken manually
using a combination of Matlab and Microsoft Excel.
The hub was defined as an inviscid wall thus ensuring no hub boundary layer and
therefore preventing the formation of hub secondary flows. To approximate a linear
cascade the hub radius was set to 100m and with a specification of 6981 blades the
correct pitch of 90mm was realised. The computation was steady state and therefore
only one passage was required and solved.
Grid Dependency
A mesh dependency study was undertaken to develop a mesh capable of solving
the physical flows using the experimental data as an objective. This study is not
documented here.
In general it was found that the grid dependency diminished with increased tip
clearance which was found to be as a result of a reduced interaction between the
leakage flow and the casing. The pitch-wise grid was found to have little effect at
mid-span as long as the blade boundary layer mesh size was reasonable. To prevent
diffusion of the tip clearance vortex the mesh within the endwall region was the
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finest mesh possible without instability, and therefore a balance had to be obtained.
Within the tip clearance it was found that if the pitch-wise grid was too fine then
convergence was poor due to instabilities. Therefore, as seen in Figure 3.24, the
pitch mesh was made uniform at the casing and then linearly distributed until the
start of the pinch. This method decreased the the cell size within the pinch clearance
and increased the cell size at mid-pitch. The radial spacing of the mesh had the
largest effect on the endwall qualitative result while the axial spacing had the largest
effect at mid-span. The grid dependency study found that there was a 15% change
in Cp0 loss at 1.2Cx between the grids investigated.
Final Grid
Figure 3.24 shows the grid used for the 6%TC case. A plot of constant radius is
shown in Figure 3.24(b). The inlet mesh angle was 37.5◦ which followed the inlet
flow angle and was 0.5Cx long. Downstream the mesh extended to 2.0Cx after the
trailing edge at an angle of 0◦ or axially; this was reasonably close to the exit flow
angle. The maximum cell expansion was 1.3 in any direction to avoid numerical
instability.
Figure 3.24(a) shows the mesh along a constant axial plane; within the end-wall
region a uniform radial distribution of 0.25% span existed for the outer 12% span.
The grid spacing then gradually expanded until the cells were approximately 2.5%
span, after which the distribution was constant.
To maintain a reasonably fine grid within the mid pitch casing region the pitch
spacing was constant on the casing and expanded up to the pinch end. For the
remainder of the span the pinch mesh distribution was spaced with a finer grid on
the blade surface and coarse grid at mid pitch.
Boundary Conditions
At inlet the yaw angle and total pressure were set to be the same as for the experi-
mental inlet conditions for the outer 50% span, which were shown in the experimental
set-up in Section 3.3.4. From the hub to mid-span the inlet conditions were uniform
as this flow was not of interest.
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Figure 3.24: CFD Grid for Build-A Computations with 6%TC
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At outlet the static pressure was specified at the hub and the span-wise variation
was determined within the code through radial equilibrium. The outlet static pres-
sure relative to the inlet total pressure controlled the mass flow rate and therefore
the inlet velocity. To ensure convergence the back pressure was set to ensure the
velocity was approximately three times higher than for the experimental rig. This
was required because the CFD code used was a density based solver and therefore
unable to predict low speed applications. To ensure the correct fluid viscosity and
therefore the correct working conditions the Reynolds Number was set as for the
experimental cascade (Re = 1.91×105). The CFD code (TF3d-20) then established
the fluid properties from the initial estimate of inlet velocity.
3.5.4 Build-B CFD Method
A similar mesh was used as for Build-A in Section 3.5.3 on Page 81. The mesh
extended half an axial chord (-0.5Cx) upstream of the leading edge and 2 axial
chords downstream of the trailing edge (3.0Cx). There were 145 axial, 41 tangential
and 118 radial mesh cells per passage giving a total of 701510 cells per passage.
Again a pinch tip model was used and the cells within the gap were 0.25% span
high. As an example with 6%TC case the clearance consisted of 24 cells between
the casing and pinch tip.
At inlet the yaw and total pressure were specified as measured in the experimental
cascade for both inlet conditions. As with the previous cascade only the outer half
of the cascades inlet profile was specified; the inner half was assigned the mid-span
value. To avoid hub wall secondary flows the hub was specified as a frictionless wall.
The inlet Reynolds Number (3.6221× 105) was specified as for the experiment. The
static pressure at exit was specified to set the mass flow; again this was purposefully
set low to increase the mass flow and therefore aid convergence. As the turbulence
code used was the Spalart-Allmaras model (Spalart and Allmaras [1992]), tripping
of the boundary layer was required and this was undertaken on the casing and both
the SS and PS of the blade. The trip on the PS was required for convergence due
to a negative incidence angle on to the leading edge of the blade.
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3.6 Summary
This chapter has presented the two linear cascades used within this thesis and the
computational methods used. Build-A consisted of low stagger high turning blading
and Build-B consisted of high stagger low turning blading. Build-B had a unique
upstream tangential injection system to control the inlet boundary layer, details of
which were given. Details of the cascades construction, set-up and flow quality were
presented. Details were also given of the computational code, boundary conditions
and grid.
The following chapter (Chapter 4) presents experimental and computational re-
sults from Build-A and Chapter 5 presents the results obtained from Build-B.
Chapter 4
Build-A, Results and Discussion
This chapter presents a selection of the results obtained from the low stagger ge-
ometry cascade (Build-A) using experimental and computational techniques. The
leakage flow physics and the effect of clearance size will be explored for this geome-
try. Firstly the effect of endwall motion with different clearances will be investigated
to assess the cascade results relevance within a real machine. The computational
fluid dynamics (CFD) methods used are then explored and best practice for the grid
density and the code settings established. Experimental downstream traverse and
blade static pressure results will be presented and used for computational valida-
tion. Both the experimental and computational results will be used to examine the
effect of tip leakage size on the leakage flows and row performance. The 6%TC case
will be further explored to investigate the physics of large clearances; the choice of
clearance value was due to the applicability within the real engine. Discussions and
conclusions will be undertaken for this geometry.
Within this work the tip clearance was defined as the percentage of cascade span
(annulus height). Table 4.1 shows the conversion to absolute and percentage chord
values.
% Cascade Span 0 1 2 4 6 8 10
Tip Clearance (mm) 0.0 1.9 3.8 7.6 11.4 15.2 19
% Blade Chord 0.00 1.27 2.53 5.06 7.6 10.1 12.6
Table 4.1: Build-A Tip Clearance Size Definition
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4.1 Effect of End Wall Motion
As discussed within the literature survey linear cascades generally, and within the
current work, have a stationary wall (casing). However real rotors have a relatively
moving casing due to the rotor rotation. Tip leakage flows are affected by this
motion and so therefore it is essential to understand the differences between the
real case and the cascade. This section therefore investigates the effect of relative
casing motion using CFD. The effect of rotation on the radial flow was ignored. For
a rotating machine, in the relative frame of motion, the flow on the end wall does
not fall to zero but to the speed of the end wall. For a compressor this motion is
in the same direction as the pressure drop from PS to SS resulting in an increase in
the tip clearance flow.
Details of the CFD code, boundary conditions and grid used within this section
were shown in Section 3.5.2 on Page 80. The boundary conditions for this section
were taken from design conditions provided by Yang [2004]. This work also looked
at the leakage flows in more detail however they were superseded after experimental
data became available therefore only the relevant data for the investigation of wall
motion is explored.
4.1.1 Results
A selection of results to investigate the effect of a relatively moving wall on the
tip leakage and endwall flows follow. Figure 4.1 shows loss contours and velocity
vectors at 0.9Cx with and without motion for 1%TC and 6%TC. Figure 4.2 shows
the pitch averaged loss and yaw angle downstream of the cascade at 1.2Cx with and
without motion for clearances from 0%TC to 10%TC. At 1%TC the loss contours
are significantly affected by the motion but for the large 6%TC the difference is less
significant.
It should be noted that if the fluid were inviscid then the wall motion would
have no effect on the leakage flows as it would be a purely pressure driven jet.
However through friction the wall rotation does have an effect. With 1%TC and
without rotation (Figure 4.1(a)) three vortex structures were clearly observed. These
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Figure 4.1: Effect of Casing Motion, Cp0 Contour Plots at 0.9Cx
were the passage vortex, leakage vortex and horse-shoe vortex. As expected both
the leakage vortex and suction surface leg of the horseshoe vortex rotated counter-
clockwise looking from downstream which was the same as the leakage vortex and
opposite to the passage vortex. This flow structure represented a corner separation
as discussed in the literature survey.
The leakage flow magnitude increased with endwall motion, which was due to the
endwall motion pulling the flow through the clearance gap, this energised the flow
within the corner region preventing the corner separation. The high loss/blockage
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(a) Cp0, No Motion (b) Cp0, With Motion
(c) Yaw, No Motion (d) Yaw, With Motion
Figure 4.2: Effect of Casing Motion, Pitch Averaged Yaw & Cp0 at 1.2Cx
region was therefore reduced and the passage vortex and its blockage was eliminated
by the increased leakage flow as an outcome of the motion. These flow features
were apparent in the pitch averaged plots (Figure 4.2). With 1%TC the loss on
the casing was slightly reduced by the rotation but the yaw angle was significantly
underturned with and exit angle of ≈ −20◦ (under turned by ≈ 13◦) compared to
an over-turned exit angle of ≈ +5◦ (over-turned by ≈ 12◦). There was an increased
area of loss close to the wall with motion and the loss due to the corner separation
was eliminated. Away from the wall (approximately 0.9 span) the angle underwent
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a small over-tuning with motion but small under-turning without motion.
For the larger 6%TC the differences were less significant and the contours show
a significant leakage vortex with and without motion. The trajectory of the vortex
centre with the endwall motion moved a little further across the passage away from
the SS and slightly closer to the wall. With motion an increased leakage flow moving
unhindered across the passage occurred and the relative velocity gradient on the end
wall was reduced. These two effects eliminate the formation of the induced vortex
which was present without motion. Although a higher loss region still existed this
reduced the loss magnitude associated with the induced vortex. With motion the
peak loss associated with the leakage vortex was similar in magnitude but tangen-
tially elongated and enlarged therefore increasing the total loss (Figure 4.2). The
loss on the casing was lower with the motion, this was because in the relative frame
the wall exerted work on the fluid and therefore introducing energy in to the fluid.
Without motion the yaw angle was significantly under-turned by the leakage flows.
With wall motion the flow was further under-turned; in fact the yaw angle on the
casing was lower (approximately 10◦) than at inlet. The flow was therefore skewed
by the motion of the casing at exit of the row.
A similar pattern was observed for the other clearances shown in the pitch av-
eraged plots (Figure 4.2). The flow pattern within the endwall region was found to
be significantly different for the values of clearance above and including 4%TC. In
general the flows below this clearance were strongly affected by the casing motion,
but above they were only mildly changed. For the larger clearances the effect of
the motion was small and mostly observed by increased skew at inlet as shown in
Figure 4.3.
The wall motion altered the blade loading as seen in Figure 4.4. The effect for
the larger tip clearances was small but for the small tip clearances the blade loading
at the end of the tip was significantly increased. The reason for this was partly due
to the increased skew at inlet and also the change in leakage flow patterns.
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Figure 4.3: Effect of Motion on Exit Skew Angle
(a) No Motion (b) With Motion
Figure 4.4: Effect of Casing Motion on Blade Loading
4.1.2 Conclusions
With a small (≤ 4%TC) a significant effect of endwall motion was found but with
a large clearance the influence was small. This was a helpful outcome, for the
large clearances within this work the effect of motion was limited and could be
predicted. The rotation therefore was found to have little effect on the conclusions.
The summarised moving endwall effects follow:
Small Clearance ≈< 4%TC: The endwall motion changes for small clearance
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were due to the increased inlet angle (inlet skew) and the increased leakage flow
strengthening of the leakage vortex and therefore suppression of the corner stall. The
loss distribution was therefore changed and the flow was under-turned as opposed
to over-turned without motion. An increase in blade loading towards the tip also
occurred but was lower than the 0%TC case.
Large Clearance ≈> 4%TC: With a large clearance the end wall motion had
little effect on the clearance vortex strength. However the vortex trajectory was
altered, a slight pitch-wise shift across the passage and radial shift towards the
casing occurred. The loss on the endwall was reduced by the motion, and this was
a result of the suppression of the counter rotating vortex and the wall doing work
on the flow in the relative frame. The flow underwent further under-turning at exit
with endwall motion. In fact the flow had a lower angle than at inlet resulting in
more highly skewed flow at exit of the cascade.
The predictable and reduced effect of casing motion with large clearance values
justifies the use of a linear cascade for endwall secondary flow investigations. A small
shift in vortex trajectory, increased exit skew angle, reduction in loss and increased
blade tip loading occurred with wall motion. The remainder of this chapter will
explore the effect of clearance size on the tip clearance flow structures and there
influence on the rotor performance.
4.2 Experimental Results and CFD Validation
The experimental results obtained from the low stagger cascade are now given.
These are compared with the computational results for CFD validation. Results
were obtained for a datum of 0%TC clearance and for three different clearance
values (1%TC, 2%TC and 6%TC). Details of the computations including the code,
boundary conditions and grid were shown in Section 3.5.3 on Page 81.
4.2.1 Downstream Traversing
Previously the measurement grid at 20%Cx downstream of the trailing edge was
presented and to indicate the cascade’s periodicity the 0%TC (Figure 3.11 on Page
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63) case loss contours shown. Here Figure 4.5 shows the loss contours for each of the
measured clearances including the datum. Figure 4.6 presents the pitch averaged
yaw (Figure 4.6(a)), loss (Figure 4.6(b)) and axial velocity (Figure 4.6(c)); and
included are the CFD results. Secondary vectors are included on the contour plots;
these secondary vectors were vectors corrected by the average mid-span values as
discussed in Section 3.1.1 on Page 52. Similarly the pitch averaged values were
zeroed at mid-span to emphasize the effect of the endwall flows. For clarity, the
contour level boundary was reduced for the no tip clearance case.
With no clearance, and therefore no leakage, the secondary flow was clearly
observed. over-turning existed close to the wall and under-turning occurred further
away from the wall. This accumulated high loss fluid on the suction surface corner
region. The existence of a corner separation was probable but not clearly visible
from these results. The blockage was clearly evident in Figure 4.6(c) with reduced
axial velocity on the casing and increased axial velocity at mid-span.
The computational pitch averaged results compared well with the experimental
data (Figure 4.6). Quantitatively the results showed a good comparable pattern.
Qualitatively the yaw angle was reasonable but the loss was slightly over predicted.
The 0%TC and 6%TC cases showed the best comparison with the smaller tip clear-
ances (1%TC and 2%TC) showing poorer comparisons.
4.2.2 Blade Static Pressure Measurements
The experimental and computational blade pressure coefficient profiles are shown
in Figure 4.7 for 50%, 90% and 98% spanwise sections from the tip respectively.
Without clearance the blade loading showed good agreement between experimental
and computational results, which was also the case with the large 6%TC case. For
the smaller clearance of 2%TC the agreement was not so good. This difference at
2%TC may have been due to the computational grid not being optimised for small
clearances and also the pinch tip not capturing the flow structure correctly.
A similar pattern was followed with the CFD as with the experimental results.
Generally the experimental peak suction surface pressure was slightly lower than for
the CFD suggesting a lower incidence angle. Experimentally a higher pressure on the
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Figure 4.5: 1.2Cx, Experimental Cp0 Contours & Velocity Vectors
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(a) Yaw (b) Cp0
(c) Vx
Figure 4.6: 1.2Cx, Experimental Pitch Mass Averaged Results
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(c) 98% Span (d) Blade Force Coefficient
Figure 4.7: Experimental Blade Pressure Coefficient Plots
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rear part of the pressure surface exists. At 98% span and 6%TC the experimental
data showed a high pressure region (wiggle) on the suction surface compared to the
mid-span profile. This was at approximately 0.6Cx and could be associated with an
effect of the blade support rod however as will be shown later this was still evident
without the rod. The actual experimental loading would be slightly higher without
this rod and closer to the CFD prediction.
A significant change with increased clearance on the blade pressure profile was
observed. Of note was the change in blade loading towards the tip of the blade
with increasing tip clearance values (Figure 4.7(d)). Reasonable agreement between
experimental and computational results was observed. In general with increasing TC
value there was a decrease in loading at the leading edge and an increase in loading
towards the trailing edge. At mid-span a change in loading at the leading edge
indicated a change in inlet yaw angle, which was attributed to a redistribution of
mass flow towards mid-span and therefore a decrease in incidence as seen in Figures
4.6(a) and 4.6(c). Furthermore this pattern was also predicted computationally. At
the tip the change in loading was associated with the interaction of the vortex on
the suction surface.
4.3 CFD Results
CFD results are now presented; this allows for additional comparison of experi-
mental and the previously presented computational results and also the study of
clearance sizes not experimentally studied and further exploration of the clearance
flow physics. Downstream loss contours and downstream pitch averaged plots of
loss, yaw and axial velocity are shown for clearance values up to and including 10%
span. The blade loading along the blade will be shown and the effect of clearance
size on loss increase through the cascade.
4.3.1 Downstream Traverses at 1.2Cx
Figure 4.8 shows contour plots downstream of the blade row (at 1.2Cx) which cor-
respond to the previously given experimental plots in Figure 4.5. When compared
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to the experimental data the agreement was reasonable but in general the CFD was
more dissipative. Therefore the extent of loss due to the endwall flows and wake
was larger but the peak values were lower for the CFD. This explains the CFD’s
loss over prediction.
Pitch averaging of the downstream traverse gave the following plots; Figure 4.9
shows the Yaw (4.9(a)), Cp0 (4.9(b)) and Axial (4.9(c)) velocity. The yaw angle
for the 0%TC case showed the classic under-turning over-turning detailed within
much literature. An increase in loss towards the casing due to the secondary flow
and corner stall occurred; in fact the loss on the casing for the zero percent case
showed the highest loss peak. The 1%TC case had less over-turning on the casing
because the TC flow suppressed the corner stall. For the large tip clearances, 2-
10%TC, the flow underwent a significant over-turning and under-turning towards
the casing caused by the tip clearance vortex. The loss peak at the leakage vortex
core decreased in magnitude with increased TC but the area of loss increased in size.
The leakage vortex moved away from the casing with increased clearance.
The effect of the blockage on the stage mass flow is shown in Figure 4.10. A
linear relationship existed between blockage and tip clearance value above 2%TC,
as seen when examining the mass flow tip clearance relationship (Figure 4.10 on
Page 101). A 4.8% reduction in mass flow from 0% to 10% was found. Therefore
for the computational results the mass flow reduction was approximately 0.5% per
1% increase in tip clearance size.
Figure 4.11 shows the increase in loss from inlet to exit for the outer 50% span.
It can be seen that the overall loss increased until 6%TC above which no further
increase occurred. These results were similar to the previously shown results in
Section 4.1 without an inlet boundary layer profile, suggesting that the inlet angle
within the TC region had limited effect on the loss and exit angle. The effect of the
inlet boundary layer will be further investigated in Chapter 5.
The experimental mass weighted area averaged Cp0 loss is also shown in Figure
4.11 and was observed to follow the same pattern as the CFD results. As expected
from the pitch averaged plots the experimental area mass averaged loss was slightly
lower than the CFD’s prediction.
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Figure 4.8: CFD Cp0 Contour Plots
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(a) Yaw (b) Cp0
(c) Vx,Norm (Normalised with VIsentropic)
Figure 4.9: CFD Pitch Mass Averaged Results
Figure 4.10: CFD Mass Flow Rate per Passage
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Figure 4.11: CFD Area Averaged Cp0 (Outer 50% span)
Removing the profile loss from the overall loss for the outer 50% span gave the
loss attributed to the endwall secondary flows including the tip clearance flows, this
is also shown in Figure 4.11 by the white symbols. The endwall flow loss accounted
for approximately 45% of the total loss for the smaller TC values (including the
0%TC case) and increased to approximately 62% of the total loss for the 10%TC
case. Although not shown, the same pattern was observed at the computational
domain exit at 3.0Cx (2 axial chords downstream).
The blade loading integrated become the tangential blade force (Figure 4.12)
and then the blade force integrated along the blade gives the overall tangential
blade force per unit length (Figure 4.13 on Page 103); these were all shown relative
to the mid-span value. The overall blade force per unit length was plotted relative
to the 0%TC value. Importantly, as will be discussed later, this shows an increase
in tangential blade loading towards the tip of the blade with 6% tip clearance. A
reasonably similar pattern was observed between the experimental and CFD data.
Figure 4.13 shows the overall blade force coefficient per unit span for each mea-
sured tip clearance, which is shown relative to the 0%TC case. This total blade
force was the integration of Figure 4.7(d) and therefore was integrated from the the
tapping row at the tip of the blade (2% span or 3.8mm from the blade tip) to a
distance of half the annulus height (50% span or 95mm from the blade tip) from the
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blade tip. Therefore with changing clearance the integrated area did not change but
it did move away from the casing, this was a reasonable method as the blade loading
was zeroed at mid-span and therefore the loading at mid-span was negligible. The
1%TC and 0%TC had similar blade force but with a tip clearance above 2%TC
there was an increase in blade force and this increased with increasing tip clearance.
Figure 4.12: CFD Blade Force Coefficient Results
Figure 4.13: Total Blade Force vs. TC for CFD & Exp. Data
The blade loading (Figure 4.12), as with the experimental data, increased for
the larger tip clearances towards the tip of the blade. This showed that the total
blade force for the outer half of the cascade increased with TC value above 1%TC
as also seen in Figure 4.13. This increase in blade loading further increased until
6% TC where the total blade force plateaued and appeared to start to decrease.
This diminishing blade force was attributed to the decrease in blade loading at the
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tip (0.2% span from the tip) due to the blade moving out of the skewed boundary
layer. The experimental data also had a total blade loading increase, which although
having a lower magnitude than the CFD showed an increase with 6%TC, thus it
can be assumed that this was a valid result.
No experimental data was taken above 6%TC so the decline in blade force above
6%TC was not experimentally investigated. The differences between the CFD and
experimental blade force was clear when examining the blade pressure coefficient
profile plots (Figure 4.7 on Page 97). In general on the suction surface CFD results
are overloaded especially at the blade leading edge and so the calculated blade force
was higher than the experimental force. This was as a result of the CFD and
experimental boundary conditions not matching exactly. The reason for this offset
was investigated further for Build-B in Section 5.1.6 on Page 138.
4.3.2 6%TC Examined
6%TC is now explored to further study large clearance flows for the first geometry
and to reveal the origin of the increase in loading. 6%TC was chosen as it is engine
representative. Loss contours and velocity vectors through the cascade are shown in
Figure 4.14, and the blade surface pressure profiles are shown in Figure 4.15. The
flow features are described through the cascade:
0.0Cx: At inlet to the blade row the inlet boundary layer was skewed and loss
due to the friction on the casing existed.
0.20Cx: In the forward section of the cascade row the the blade loading devel-
oped and the TC flow accelerated through the clearance. A small separation bubble
became evident on the blade tip. The blade loading close to the tip decreased due
to the tip leakage flow increasing the pressure on the suction surface and lowering
it on the pressure surface.
0.4Cx: Approaching mid-chord the blade loading approached its maximum and
the tip leakage flow significantly accelerated approximately in the tangential direc-
tion. The start of a tip clearance vortex roll up was evident, although small and
positioned close to the suction surface.
0.6Cx: After the peak loading the tip leakage flow increased further and the
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Figure 4.14: CFD 6%TC Cp0 Contours Through Blade Row
Figure 4.15: CFD 6%TC Cp Blade Pressure Profile Along Blades
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vortex started to move away from the suction surface. At mid-passage a lower
momentum region existed but unlike smaller TC values no counter rotating vortex
was evident. The incoming flow was pushed against the pressure surface and down
into the cascade due to the significant blockage created by the tip leakage flows.
The tip leakage vortex induced lower pressure fluid on to the blade SS and towards
the tip thus lowering the SS pressure creating a higher blade force. The blade force
reached a maximum at approximately 0.6Cx of two thirds higher than the mid-span
value.
0.8Cx: Approaching the rear end of the cascade the TC vortex moved further
away from the suction surface of the blade. Still however some interaction between
the blade and clearance vortex was evident but the blade loading was reduced to
approximately twice that at mid-span for the same axial location. Lower loss fluid
could be seen to be pulled through the tip clearance reducing the loss on the casing.
1.0Cx: At the exit of the cascade the TC vortex moved away from the SS and
filled the majority of the passage of the outer 20% span. A counter rotating vortex
was apparent in the passage. This was due to an interaction of the cross passage
and boundary layer flows interacting. As found by in Section 4.1 a rotating casing
would suppress the counter rotating vortex and push the vortex trajectory slightly
further across the passage.
4.4 Results Discussion
This chapter shows that for the higher values of tip clearance an increase in blade
loading towards the tip of the blade was found and that although the loss through
the cascade increased with increased tip clearance up to approximately 4%TC, above
this the loss plateaued and there was no further increase in loss. This discussion
aims to relate these phenomena to the flow physics of large clearance flows for the
geometry of Build-A and how the flows would change within the engine environment.
For the computations the tip clearance was modelled using a simple pinch tip
method which allowed for investigation of several tip clearances without use of ex-
tensive computer resources. Experimental measurements were used to show the
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computational work’s accuracy. It was found that at 0% and 6% tip clearance, the
computation gave good agreement with experiments. The yaw angle was predicted
well, but the loss was over predicted. The 1%TC and 2%TC results were not so
good, but this was to be expected with the pinch tip model and the mesh used.
However as the thrust of this work was to the larger clearances, the choice of the
pinch tip appears justified. As the tip clearance increases the solutions grid depen-
dency diminishes, in particular the detailed pinch tip model; this was because the
end-wall had a smaller effect on the tip leakage flow for the higher clearances. For
this reason it should be assumed that the 8%TC and 10%TC solutions were valid.
The observation from the numerical work suggested that if an improved solution to
the smaller tip clearance value was required then the use of another tip clearance
modelling method would be essential.
The detailed study for 6%TC showed that at entry to the blade row the blade
loading was significantly reduced for the first 35% chord within 20% span of the
casing. This was because the high pressure flow moved across the blade tip from
the PS to the SS, resulting in an increase in pressure on the SS and reduction in
pressure on the PS blade tip. At mid chord the TC vortex started to roll up close
to the SS of the blade. This flow feature created a blockage reducing the row’s mass
flow rate and forcing the incoming flow towards mid span. The TC vortex induced
low pressure fluid up the SS of the blade for 20% span reducing the SS pressure and
so increasing the blade force. At approximately 60% chord the TC vortex left the
suction surface of the blade and moved across the passage which coincided with the
blade’s peak tip force. The TC vortex continued to induce low loss fluid along the
blade SS into the tip clearance region. Low loss fluid was found to move through
the TC gap from the PS and this served to reduce the loss close to the casing.
An important feature here was that the TC vortex stayed relatively close to
the suction surface, moving to about mid passage by blade exit. This meant that
with a high tip clearance, the strong vortex close to the suction surface induced the
high velocities on to the suction surface as noted above and therefore increasing the
suction surface loading. Also the pressure on the pressure surface was increased by
the cross passage leakage jet stagnating near the tip of the adjacent blades pressure
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surface. These two features both raised the blade tip loading.
This lack of cross passage movement was in contrast to the movement right across
the passage to near the pressure surface usually observed in most of the studies in
the literature. It did not appear that the high tip clearance was the reason for the
lack of movement of the TC vortex, as the lower TC values studied here show that
the vortex was also at about mid passage at exit. The significant feature of this
blading was probably the low stagger so that the tip jet was nearly perpendicular
to the axial direction. The loading of the stage would clearly have an effect on the
trajectory of the leakage vortex but at the operating point this was valid. The effect
of the geometry will be further investigated in the next chapter.
After 6%TC there was found to be no significant change in blade loading and
this therefore suggested that the casing had a decreased effect on the blade loading.
With a further increase in TC value, the flow around the blade behaved with reduced
influence from the casing. This may help to explain the plateau of loss with increased
tip clearance; since the flow across the tip was a pressure driven jet there was limited
increase in the loss producing mechanisms on the endwall or tip. In effect the flow
became more like that of a wing tip trailing vortex.
It should be noted that the blade force values shown here (Figure 4.13) were
dimensionless values and therefore are the blade force per unit length. As the TC
increases, of course the blade gets shorter and this was reflected in the large amount
of under-turning seen in Figure 4.9(a) at higher TC values. Thus the work done
by the blade (if it were a rotor) would be reduced, but not by as much as might
be expected. This coupled with the overall loss becoming independent of the TC
value, meant that the penalties associated with TC values around 4%TC and above
were not as great as might be expected with typical LPC blading. Unfortunately
an increase in blockage still occurred so that the mass flow reduced by 0.5% per 1%
increase in tip clearance.
With the significant blockage effect, the axial velocity would not have been con-
stant at blade inlet, even though the upstream boundary was the same for the
different tip clearances. To try and separate the tip leakage flow effects from the
blockage effect, the results for angle, loss and blade force distributions along the
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span were referenced to the mid-span value. This was perhaps debatable, but it was
felt to be most helpful for this study.
It is important to remember that this study was for a linear cascade and that
in a rotating machine there would be a number of differences. For instance in a
multi-row environment the inlet boundary layer would be thick and possibly further
skewed; relative motion of the end-wall and radial effects would also be a factor.
However the results from the earlier section showed that the moving end-wall did
not have a large effect with large tip clearances. The effect of the end-wall motion
was shown to move the vortex trajectory further away from the suction surface and
close to the end-wall. The end-wall motion increased the skew on the end-wall at
inlet and therefore exit. Within this chapter the inlet skew angle was reasonable at
≈ 10◦ however the thickness was too small and therefore not engine representative.
The aerodynamic designer may find these results interesting; if a design with
similar HPC blades requires a large tip clearance then the designer who has always
strived to reduce the tip clearance value may find that in fact the aerodynamic
penalty is not as large as previously thought. Therefore cost savings may be made
in the mechanical design of the HP stages. The overall blade loading also increased
for the larger clearances allowing for slightly higher stage loading. From this study
however this was difficult to conclude as the geometry and boundary conditions
were not particularly engine representative and their effect on the clearance flows
unknown.
4.5 Conclusions
Tip leakage flows within a compressor cascade of low stagger and relatively high
turning have been studied experimentally and computationally. The experimental
results were used to validate the CFD. Tip clearances of up to 10% span (12.67%
chord) have been studied with application to the HPC compressor of an industrial
gas turbine. A pinch tip clearance model for the computation was used, and this
was found to give satisfactory results for the larger tip clearances but for the smaller
clearances another model would be essential to establish quantitatively accurate
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results. The following conclusions may be drawn:
• Increasing the tip clearance above 4%TC incurred no further increase in loss
and at the same time there was an unexpected increase in blade force towards
the tip due to the tip clearance flows.
• The plateau in blade force was due to the effect of the strong tip clearance
vortex which remained close to the blade suction surface. Unlike as often
observed for high stagger blading, where the leakage vortex moved across the
blade passage to the adjacent blades pressure surface.
• In general it was found that the CFD over-predicted the loss in the casing
region although at mid-span there was a very good agreement. The flow angle
prediction was very good for the higher tip clearance values although it was
not accurate for the smaller clearances.
This chapter has explored the end-wall flows with large clearances and low stag-
ger blading and the main conclusions have been outlined above. Two significant
questions still remain: what was the effect of the boundary layer skew and thick-
ness; and what was the effect of the geometry? The CFD and experimental results
within the later part of this chapter had a reasonably high inlet skew on the casing
but the thickness was unrepresentatively thin at only ≈ 10% span. The geometry of
this cascade was not particularly engine representative as the stagger was too low.
This may explain the trajectory of the leakage vortex, but may also be due to the
low loading of the cascades operating point.
For these reasons the next chapter will present data for a second cascade with
more engine representative stagger and inlet boundary layer skew/thickness.
Chapter 5
Build-B, Results and Discussion
This chapter presents and explores a selection of the results obtained from the second
cascade as described in Chapter 3.4. This cascade consisted of engine realistic geom-
etry with relatively high stager (46.5◦) and relatively low turning (10◦) compared to
the cascade explored in Chapter 4. The effect of inlet skew and clearance size were
investigated and the conclusions compared to the previous cascade. This cascade
enabled the control of the inlet boundary layers skew and thickness. Experimental
results were conducted for two inlet boundary conditions: ‘high skew’ (realistic inlet
conditions) and ‘natural skew’ (natural cascade boundary layer, non realistic inlet
conditions with low skew and low thickness) with tip clearance values from 0%TC
to 12%TC. The results presented include downstream traversing, internal passage
traversing and blade loading. Computational results are briefly presented and com-
pared to the experimental data, this was to evaluate the code and further investigate
the clearance flows where experimentation was not undertaken.
5.1 Experimental Results
5.1.1 Exit Traverse Results
Traversing at the exit of the cascade was undertaken at 1.2Cx and 1.5Cx across the
exit of 3 passages as shown in Figure 3.17 on page 73. Little difference between the
results at both downstream axial locations was found, therefore the results at 1.5Cx
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are not included here but given in appendix A.
Within this work the tip clearance size was defined as the percentage of cascade
span. Table 5.1 shows the tip clearance size conversion to absolute values and
percentage chord.
% Cascade Span 0 1 2 4 6 8 10 12
Tip Clearance (mm) 0.0 1.8 3.6 7.2 10.8 14.4 18 21.6
% Blade Chord 0.00 0.88 1.76 3.51 5.27 7.02 8.78 10.54
Table 5.1: Build-B Tip Clearance Size Definition
Exit pitch averaged results of yaw angle, axial velocity and stagnation pressure
loss are shown with the natural and high skew inlet conditions at 1.2Cx for differ-
ent tip clearance values in Figure 5.1. The inlet value is included for comparison.
Initially the natural skew results are considered and then the effect of the high skew
examined.
Effect of Clearance Size
With the natural skew and without tip clearance the yaw angle (Figure 5.1(a))
followed a classic, under-turning (at ≈ 0.85span) and over-turning (at ≈> 0.9span)
pattern towards the casing; this was a consequence of the passage vortex corner
separation as discussed in the literature survey and found for the previous cascade
in Chapter 4 Section 4.2.
As expected, introducing tip clearance altered the exit flow and resulted in a
reversal of end-wall flow turning. As with Build-A over-turning occurred away from
the casing and under-turning towards the casing wall for the larger clearances; the
clearance value at which this switched is well known, less than 1%TC and therefore
not investigated. The under-turning on the wall increased up to 6%TC. Above this
clearance the yaw angle on the casing was constant with an outlet flow angle of
approximately 70◦ and therefore under-turning of 26◦. This was 14◦ higher than the
casing inlet angle and therefore the exit skew angle was higher than at inlet to the
row. Above 10%TC the flow turning pattern was different and the under-turning was
reduced on the casing. In general (except for the extreme 12%TC case) an increase
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(a) Natural Skew, Yaw (b) High Skew, Yaw
(c) Natural Skew, Cp0 (d) High Skew Skew, Cp0
(e) Natural Skew, VX,Norm. (f) High Skew, VX,Norm.
Figure 5.1: Pitch Averaged Exit Traverse at 1.2Cx
in tip clearance made the under-turned area thicker and therefore consumed more
of the span.
Figure 5.1 also shows the pitch averaged loss. Without clearance the loss profile
followed a similar but thicker and higher profile to the inlet; the highest loss was
on the casing. Increasing the TC up to 2% created a much larger loss area over
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approximately 20% span, and slightly reduced the magnitude of the peak loss on
the casing. Above 2%TC a bump (increase) in loss occurred representing the TC
vortex core. The position of which moved away from the casing and reduced in
magnitude with increased TC from 0.9 span with 2%TC to 0.85% span with 12%TC.
Above 2%TC the loss on the casing (at 5mm from the casing) was constant and only
slightly higher than at inlet. Previously, Section 4.1 showed computationally that
the loss increase on the casing was reduced with relative casing motion, therefore in
a real machine the loss on the casing would be lower.
The blockage within the end-wall region of the row was found to instigate a
redistribution of the cascades mass flow towards mid-span. This resulted in an
increase in axial velocity at mid-span (Figure 5.1(e)) of the inlet and exit. As a
consequence, because the blockage increased with clearance size, a small increase in
mid-span axial velocity occurred with increased clearance. The end-wall blockage
was displayed by a reduction in axial velocity towards the casing and increase in low
axial velocity region away from the casing. The difference on the casing between
inlet and outlet was approximately 2ms−1 without clearance, and increased to 5ms−1
for the higher clearances.
Effect of skew
The high skew inlet altered the exit flow marginally and in general followed a similar
pattern to that with the natural (low skew) inlet. One effect was to thicken the region
affected by the end-wall flows creating a larger under-turned and higher blockage
region; the thickening from the casing was by approximately 5% of the span. This
was coupled with an increase in under-turning and reduction in axial velocity on the
casing. For the smaller clearances of 4%TC and below, this reduction was small.
However for the larger clearances (> 6%TC) there was a significant increase in
under-turning on the casing from 70◦ to 80◦ which was similar to the 10◦ increase
at inlet. Therefore the turning within the end-wall region for the higher clearances
was independent of the inlet skew. The exit angle change was accompanied by
an increase in loss and reduction in axial velocity (increase in blockage), again the
difference in these values was similar to the change at inlet.
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Increasing the inlet boundary layer thickness in general increased the blockage
and under-turning of the cascade within the casing region. The change in exit casing
flow magnitude was similar to the inlet change and therefore linked. However the
thickness increase was smaller than the thickness increase by less than one half.
Therefore the skew at inlet had a higher impact on the exit than the increased skew
thickness.
5.1.2 Loss and Turning Through Cascade
Figure 5.2(a) shows the total mass averaged Cp0 at 1.2Cx (from 50% to 0.972% span)
for both inlet conditions and all tip clearances. With natural skew the maximum
loss was found to occur with 1%TC, and then a reduction occurred to 2%TC, a
slight reduction to 5%TC and then a further increase in clearance size resulted in a
marked reduction in loss. At 12%TC the loss was similar to the 0%TC case. With
increased skew the maximum loss was at 4%TC and a reduction in loss occurred
above 6%TC.
Figure 5.2(a) shows the total mass averaged Cp0 at 1.2Cx (from 50% to 0.972%
span) for both inlet conditions and all tip clearances. With natural skew the maxi-
mum loss was found to occur with 1%TC, and then a reduction occurred to 2%TC,
a slight reduction to 5%TC and then a further increase in clearance size resulted in
a marked reduction in loss. At 12%TC the loss was similar to the 0%TC case. With
increased skew the maximum loss was at 4%TC and a reduction in loss occurred
above 6%TC.
The not loss, or increase in loss, was calculated by subtracting the inlet loss (-
0.5Cx) from the exit loss. As expected from the pitch averaged plots (Figure 5.1(c)
& Figure 5.1(d)) the total loss at 1.2Cx was higher with increased skew. However
the net loss was lower than for the natural skew and therefore the loss increase
through the cascade was lower with the high skew inlet. The secondary loss increase
through the cascade due to the end-wall flows is also shown in Figure 5.2(a); this was
calculated by subtracting the mid-span loss across the entire span at exit and then
subtracting the inlet loss. This secondary loss increase was found to be effectively
the same for both inlet conditions. Therefore the difference in loss between the inlet
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(a) Cp0 (b) Yaw
Figure 5.2: Area Mass Weighted Averaged Loss and Turning at 1.2Cx
skew conditions was due to the change in mid-span flow, and so change in mid-span
loss, and not a change in the endwall flow features. This partly explains the decrease
in loss with increased clearance.
This reduction in peak loss at higher tip clearances was coupled with a large
reduction in turning (Figure 5.2(b)). The decrease in turning was virtually linear
with increased clearance and at 12%TC halved for the outer 50% span. For the
lower clearances the natural inlet showed slightly less turning (< 1◦) than for the
high skew. With a higher clearance the exit angle was shown to be similar for both
inlet conditions and therefore essentially independent of inlet skew.
Cp0 Contour Plots
Figure 5.3 (natural skew inlet) and Figure 5.4 (high skew inlet) show contour plots
of Cp0 at 1.2Cx for the full range clearance measured; this was the data used for
the pitch and area averaged results. For 0%TC the full span is shown and therefore
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indicates the quality of the achieved cascade symmetry and periodicity. At the hub,
as with the first cascade, there was found to be a decrease in total pressure compared
to the casing, this however was deemed to be unimportant due to its negligible effect
on the TC flow.
With clearance a similar flow structure was observed as with the previous cas-
cade. Several features of the leakage vortex with the low skew inlet were observed.
The position of the leakage vortex can be seen in the contour plots or more quanti-
tatively in Figure 5.7 which shows the position of the central blades vortex core for
each of the measured clearances. With increased TC values a small shift in leakage
vortex core location was found in the radial direction away from the casing, which
can also be seen in the pitch averaged plots (Figure 5.1). In the pitch-wise direction
there was a significant change (0.2 pitch variation) in vortex core location between
clearance size. Up to 6%TC the vortex moved across the passage away from the
SS towards the PS of the adjacent blade. Above 6%TC the tip leakage vortex core
returned closer to the suction surface of the blade. Above 10%TC the vortex was
closer to the SS than for the 1%TC case.
The same trend was observed with the increased inlet skew. With the high skew
and thicker inlet boundary layer, the vortex core location in the span-wise direction
was indistinguishable from the natural skew inlet (as seen in Figure 5.7(b). The
movement across the passage varied with TC with a shift from the suction surface
of ≥ 2% & ≤ 15% pitch occurred.
These results showed that the leakage vortex had a reduced interaction with
the casing with increased clearance size. For the higher TC values of 10%TC and
12%TC there was little interaction. This was evident in Figure 5.3 and explains the
different flow patterns observed with the highest clearances in the pitch averaged
plots. With 10%TC, increasing the boundary layer skew increased the end-wall
flows interaction with the casing and therefore had a similar pattern to the lower
clearances. For the large clearances low loss fluid passed through the tip clearance
and re-energising the end-wall flow.
A counter-rotating vortex was observed and this was formed by the interaction
of the passage vortex with the flow passing over the leakage vortex and the shear on
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(a) Clearances 0%TC to 4%TC
(b) Clearances 6%TC to 12%TC
Figure 5.3: Natural Skew Inlet Cp0 Contour Plots at 1.2Cx
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(a) Clearances 0%TC to 4%TC
(b) Clearances 6%TC to 12%TC
Figure 5.4: High Skew Inlet Cp0 Contour Plots at 1.2Cx
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(a) Clearances 0%TC to 4%TC
(b) Clearances 6%TC to 12%TC
Figure 5.5: Natural Skew Inlet Vx,Norm Contour Plots at 1.2Cx
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(a) Clearances 0%TC to 4%TC
(b) Clearances 6%TC to 12%TC
Figure 5.6: High Skew Inlet Vx,Norm Contour Plots at 1.2Cx
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(a) Span v.s. Pitch, Natural Skew Only (b) Clearance v.s. Span & Pitch
Figure 5.7: Effect of Clearance Size on Leakage Vortex Location
the end-wall. The increased loss region associated with this peaked at ≈ 6%TC and
was suppressed at the higher clearances. Although the contour plots (Figure 5.3 &
5.4) do not show vectors this feature was clearly present. For a real machine (as
seen in Section 4.1) with relative end-wall motion the casing shear and the leakage
flow would be increased therefore suppressing the counter-rotating vortex formation
and reducing the loss in the end-wall region as previously discussed.
Figure 5.5 and Figure 5.6 show the axial velocity and therefore the associated
blockage as a result of the end-wall flows. It is clear from these plots that the largest
blockage was associated with the leakage vortex. Note that the lowest axial velocity
area did not correspond to the centre of the vortex core but this was a consequence
of the flow angle not being perpendicular to the measurement plane. If the absolute
velocity were plotted then there would be alignment of the minimum velocity with
the leakage vortex core.
5.1.3 Internal Traverse Results
Internal passage traversing results are now presented. Cp0 loss contours are shown
in Figures 5.8, 5.10 and 5.12 for 2, 6 and 10%TC for both natural and high
skew boundary layer configurations. Figures 5.9, 5.11 and 5.13 show axial velocity
contours for the same clearances. Clearances values of 4%, 8% & 12% are shown in
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Appendix A Figures A.7 to A.12 starting at Page 207.
At 2%TC with the natural boundary layer (low skew), a much stronger loss core
existed than with the high skew inlet. However with the high skew, the vortex
was more elongated in the pitch-wise direction consuming a larger proportion of the
passage. The counter rotating vortex loss region was also much larger with increased
skew and therefore together filling much more of the passage than the natural skew.
As with the downstream plots the trajectory of the TC vortex was moved across the
passage with increased TC up to 6%TC and then moved back towards the SS for the
largest clearance values. The axial location at which the TC vortex separated from
the blades suction surface was found to move downstream with increased TC. The
higher skew advanced this vortex movement, therefore leaving the suction surface
earlier by approximately 10% axial chord.
The axial velocity plots indicate the extent of the blockage within the passage.
With a small clearance (2% Figure 5.9) the majority of the low velocity fluid was
associated with the clearance vortex core and the skew was found to elongate the
blockage along the casing. At the higher clearances (8%TC & 10%TC Figures 5.11
& 5.13) the low axial velocity region was much more elongated and increased in
magnitude across the majority of the passage. A change in vortex trajectory oc-
curred with increased clearance as shown by Cp0 and Vx contours. At 2%TC there
was a clear low velocity region associated with the leakage vortex core, but for the
higher clearances a low Vx region was accompanied by a high Vx region on the central
passage side. This suggested that the vortex trajectory shifted and passed from the
left to right on the plots. The increased skew decreased the axial velocity on the
casing and within the counter rotating passage vortex region.
Figure 5.14 shows tangential velocity contours through the cascade with 6%TC.
The high tangentially velocity flow over the tip of the blade can be clearly seen.
This continued across the passage to form the casing side of the leakage vortex and
the reduced tangential velocity associated with the other side of the leakage vortex
was evident. This was still positive because of the high tangential velocity due to
the high stager angle. The lowest tangential velocity was associated with the loss
region further across the passage. As this was positive there was no cross passage
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(a) Natural Skew (b) High Skew
Figure 5.8: 2%TC Internal Traverse Cpo Contour Plots
(a) Natural Skew (b) High Skew
Figure 5.9: 2%TC Internal Traverse Vx,Normalised Contour Plots (Normailsed With
VIsentropic)
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(a) Natural Skew (b) High Skew
Figure 5.10: 6%TC Internal Traverse Cp0 Contour Plots
(a) Natural Skew (b) High Skew
Figure 5.11: 6%TC Internal Traverse Vx,Norm Contour Plots
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(a) Natural Skew (b) High Skew
Figure 5.12: 10%TC Internal Traverse Cp0 Contour Plots
(a) Natural Skew (b) High Skew
Figure 5.13: 10%TC Internal Traverse Vx,Normalised Contour Plots (Normailsed
With VIsentropic)
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(a) Natural Skew (b) High Skew
Figure 5.14: 6%TC Internal Traverse Tangential Velocity (Vy in ms
−1) Contour
Plots
(a) Natural Skew (b) High Skew
Figure 5.15: 6%TC Internal Traverse Helicity Contour Plots
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(a) Natural Skew (b) High Skew
Figure 5.16: Leakage Vortex Location
flow associated with the passage vortex. Increasing the skew had little effect on
the tangential velocity associated with the over tip leakage or the leakage vortex.
However the tangential velocity further across the passage was reduced slightly.
Helicity contours in Figure 5.15 indicate the rotational direction of the flow
through the cascade with 6%TC. The leakage vortex, as expected, rotated clock-
wise and the induced vortex rotated anti-clockwise as looking from down-upstream.
Therefore the formation of the induced counter rotating vortex was proven. Also
of note was the higher magnitude of the leakage vortex and counter rotating vortex
with the higher skew.
Figure 5.16 shows the vortex core location for 2%, 6% and 10% tip clearances.
With 2%TC the vortex core moved away from the suction surface at approximately
40% axial chord. For the larger clearances the vortex core trajectory was similar
for the majority of the passage. The 6%TC vortex core moved away from the SS at
approximately 0.7% axial chord and the 10%TC remained closer to the SS. At the
trailing edge the vortex core location was similar for the 2% and 10% tip clearance
5.1. Experimental Results 129
cases. After the blade row the clearance vortex trajectory was similar to the pitch
averaged exit angle shown in Figure 5.1 on Page 113 and so the higher clearance
had a higher vortex trajectory exit angle. The traverse planes were therefore at a
higher angle to the vortex trajectory therefore explaining the elongated nature of
the vortex within the contour plots. The effect of the skew was small and resulted
in a slight movement of the vortex trajectory across the passage.
The vortex core pitch-wise location at the trailing edge was similar for the 2% and
6% tip clearance cases, for both inlet conditions (Figure 5.16). The mass averaged
blockage and loss was however significantly higher with 6%TC downstream of the
cascade (Figure 5.1). This was mostly as a result of the increased counter rotating
vortex blockage region rather than the shift in leakage vortex position. Furthermore
the increased inlet skew further increased the blockage and loss within this region.
5.1.4 Blade Loading
The blade loading is now shown, firstly pressure coefficient blade surface contour
plots are presented for clearance values of 0%TC, 2%TC, 6%TC & 10%TC in Figures
5.17 to 5.20 for both inlet conditions. Then the same data is presented in 1-D to
assess the change in blade pressure profile along the blade (Figures 5.21 & 5.22).
The following contour plots allow for a quick assessment of the effect of the clear-
ance on the blade pressure distribution. Without clearance there was an increase
in the SS pressure towards the casing. With the small clearance (Figure 5.17): an
increase in pressure occurred on the PS close to the tip; and a pressure eduction
occurred on the SS close to the tip caused by the leakage vortex interaction. The
effect of the skew was to reduce the SS low pressure region at the tip. Increasing
the clearance further reduced the SS pressure associated with the leakage vortex
interaction and moved this region axially further along the blade. The PS pressure
was reduced towards the tip with increased clearance.
The effect of inlet skew on the blade pressure profile without tip clearance was
shown in Figure 5.21. A decrease in peak SS loading within 10% chord of the tip
of the blade existed, as seen by the increase in the SS minimum pressure. This
was coupled with an increase in pressure on the PS LE and was a consequence
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Figure 5.17: Blade Pressure Cp Contour Plots 0%TC
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Figure 5.18: Blade Pressure Cp Contour Plots 2%TC
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Figure 5.19: Blade Pressure Cp Contour Plots 6%TC
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Figure 5.20: Blade Pressure Cp Contour Plots 10%TC
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of the increased inlet skew at the casing. Increasing the skew (Figure 5.21(b))
moved this effect further away from the casing to 20% chord as might be expected
with the thicker inlet boundary layer. A significant change in loading along the
(a) Natural Skew (b) High Skew
Figure 5.21: 0%TC, Blade Cp Profile Along Blade Length
length of the blade occurred for all tip clearances (Figure 5.22). Towards the tip of
the blade there was a reduction in loading at the LE and an increase towards the
TE. At the front of the blade both surfaces experienced reduced loading. For the
last half of the blade the PS again underwent under-loading but the SS pressure
was reduced and therefore increases the SS loading. The reason for the change in
pressure on the PS was increased flow passing along and over the tip of the blade
and on the SS was the leakage vortex interaction pulling low pressure fluid on to the
SS. This was similarly observed with Build-A. For the small clearances (e.g. 2%TC,
Figure 5.22(a)) this effect was insignificant but for the larger clearance of 6%TC
(Figure 5.22(c)) the change in tip loading was significant. Increasing the clearance
further to 10%TC (Figure 5.22(e)) again incurred a significant increase in tip loading
but the SS pressure was slightly higher and therefore the loading not as large.
Increasing the skew lowered the reduction in SS pressure towards the tip of the
blade. In fact for the 2%TC case (Figure 5.22(b)) the effect of the skew was to
remove the SS increase in loading at the rear of the blade and therefore the blade
tip loading was similar to the loading without clearance (Figure 5.21(b)). This effect
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(a) 2%TC, Natural Skew (b) 2%TC, High Skew
(c) 6%TC, Natural Skew (d) 6%TC, High Skew
(e) 10%TC, Natural Skew (f) 10%TC, High Skew
Figure 5.22: With Clearance, Blade Cp Profile Along Blade Length
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was more apparent in Figure 5.23(a) where the pressure profile was plotted at the
tip of the blade for all the measured clearances.
As previously mentioned an increase in tip clearance significantly affected the
cascade loading. The blade pressure profiles at mid-span are shown in Figure 5.23(c).
On the PS there was little change in pressure with the clearance size but on the SS
there was a significant increase in pressure or decrease in loading. The reason for this
was a change in inlet flow angle brought about by the increase in cascade blockage,
the effect of which is investigated in Section 5.1.6.
(a) 2% Span from Tip, Natural Skew (b) 2% Span from Tip, High Skew
(c) 45% Span from Tip, Natural Skew (d) 45% Span from Tip, High Skew
Figure 5.23: Blade Cp Profile at 45% and 2% Span From Blade Tip with Varying
TC
Figure 5.25 showed the blade force along the length of the blade for both inlet
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conditions and varying clearance. Figures 5.25(a) and 5.25(b) show the absolute
blade force coefficient values and Figures 5.25(c) and 5.25(d) show the loading rela-
tive to mid-span which removed the mid-span loading offset. This method of zeroing
the data to the mid-span value was debatable as it was unclear if the effect offset
was the same towards the casing but it enabled the clearances to be more easily
compared without the mid-span offset.
Without clearance an approximately linear reduction in loading occurred towards
the casing up to 90% span. Closer to the casing within the boundary layer the
loading further decreased. However with the higher skew the decreased loading at
the tip did not occur. Above 2%TC the reduction in loading still existed along
the length of the blade but the loading increased at the tip to a value similar to
mid-span. For the larger clearances the tip loading was larger than at mid-span and
the higher inlet skew decreased this increased loading.
Integrating the blade loading (Figure 5.25) produced the overall blade loading
shown in Figure 5.24 which was undertaken for the outer 50% span only. The ab-
solute total blade loading (Figure 5.24(a)) and the blade loading with the mid-span
value subtracted (secondary blade loading change) is shown in Figure 5.24(b). An
overall reduction in blade loading with increased inlet skew occurred. This reduction
was however a consequence of the reduction in mid-span loading coupled with the
end-wall secondary flows. Removing the mid-span variation (Figure 5.24(b)) showed
that the total blade force was increased up to 4%TC and then decreases with in-
creased clearance and at 6%TC the blade loading was approximately the same as
without clearance. Increasing the skew had little effect at 6%TC and above, but for
the smaller clearances the effect was to significantly reduce the loading compared to
the same clearance for the low skew case.
5.1.5 Blade Tip Pressure
The pressure coefficient on the blade tip end with natural skew is shown in Fig-
ure 5.26. The pressure tapings were located on the tip of the blade at approximately
2mm from the blade surfaces as shown in Figure 3.16 on Page 71. On the PS edge a
decrease in pressure occurred from the LE until the minimum pressure was reached
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(a) Absolute (b) Zeroed at Mid-Span
Figure 5.24: Blade Force for Outer 50 %Span
between 0.5Cx and 0.7Cx. The minimum pressure peak moved downstream and in-
creased in pressure with increased clearance. On the SS edge with a high clearance
of ≥ 6%TC the pressure was similar to the PS edge, and so showing that the flow
over the tip of the blade was separated across the full blade tip and suggesting a
vina-contractor like flow feature existed.
With a smaller clearance < 4%TC the minimum pressure, high velocity fluid,
occurred closer to the LE than on the PS side and then had a higher pressure for
the remainder of the chord. This therefore showed that a separation bubble was
formed around the PS edge and then reattachment occurred. The axial location of
the minimum SS pressure corresponded to the roll up of the leakage vortex as found
in the internal contour plots (Figures 5.8 to 5.12). Storer and Cumpsty [1991] found
that the ratio of clearance height divided by maximum blade thickness must be less
than 0.4 for reattachment. Therefore for Build-B with maximum blade thickness of
11 mm reattachment would occur above 2.4%TC. Therefore these results appear to
agree with Figure 2.3 by Glanville [2001] and Storer’s reattachment criteria (Storer
and Cumpsty [1991]).
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(a) Natural Skew, Absolute (b) High Skew, Absolute
(c) Natural Skew, Zeroed at Mid-Span (d) High Skew, Zeroed at Mid-Span
Figure 5.25: Blade Force Coefficient
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(a) Clearances 1%TC to 6%TC (b) Clearances 6%TC to 12%TC
Figure 5.26: Pressure Coefficient on Blade Tip
5.1.6 Inlet Conditions
Influence of Cascade Blockage on Inlet Flow
The experimental results show a reduction in mid-span loading with increased tip
clearance and increased skew. The reason for this was a change in the upstream
boundary conditions due to the change in cascade blockage. Figure 5.27 shows pitch
averaged data taken upstream of the central measured passage (‘pass1’) without
clearance and with 10%TC for both inlet skew conditions. A significant change in
axial velocity and yaw angle with increased clearance and inlet skew occurred. The
low skew inlet shows a mid-span reduction of ≈ 0.6m/s and reduction of ≈ 0.6◦
in axial velocity and yaw angle respectively. With the high inlet skew the inlet
axial velocity and yaw angle were further decreased. Within the boundary layer
the clearance size had little effect on the inlet flow angle or velocity. Although
not shown, there was no change of inlet total or dynamic pressure with change in
clearance. An explanation of this feature follows.
The reduction in inlet angle with increased clearance and skew was a result of
increased blockage. This increase in blockage, as seen in Figure 5.28 resulted in a
redistribution of the incoming stream lines towards the centre of the cascade and
redistributing the mass flow and therefore increasing the mid-span axial velocity.
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(a) Yaw Angle (b) Axial Velocity
Figure 5.27: Inlet Flow Conditions at 0.5Cx Upstream
An increase in axial velocity, with constant inlet velocity, would therefore account
for the reduction in inlet angle as seen in Figure 5.27(b). However as clearly seen in
Figure 5.27(b) the actual axial velocity decreased and therefore a reduction in inlet
velocity and therefore mass flow occurred with increased clearance. Neglecting the
effect of the cascades upstream end-wall bleed and top and bottom bypass this must
have been due to an increase in the wind tunnels supply fan loading and therefore
decrease in volumetric flow rate.
Inlet Flow Geometrical Offset
For both cascades, the geometrical inlet angle and the measured inlet angle were
different. For Build-B the geometrical angle was set to 58◦ but the inlet flow angle
was measured at ≈ 54◦. The reason for this was unclear, but to give some insight
Figure 5.29 shows the inlet conditions for ‘pass1’ for several axial locations upstream
of the LE, without clearance. Note that this was only a partial traverse at the 0Cx
location because of the probe thickness. Approaching the LE the axial velocity was
reduced and the yaw angle increased which resulted in a higher than expected loading
on the cascade. This outcome will be important when considering the computational
results in Section 5.3.
The reason for this geometrical offset was not fully understood, previously it was
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Figure 5.28: Influence of Blockage on Inlet Velocity Triangle
(a) Normalised Axial Velocity (b) Yaw Angle
Figure 5.29: Natural Skew, Inlet Flow Conditions at Various Upstream Axial Lo-
cations
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shown that an inlet angle decrease occurred with increased blockage on the casing
due to a redistribution of the streamlines. This may indeed be a contributing factor
however another explanation was that the cascade was to short and therefore the
upstream and downstream splitter plates and exit diffusers had an influence on the
inlet angle. Certainly the top and bottom exit diffusers were found to effect the
incoming flow, by altering the diffusion in the top and bottom passages, and this
was the method used to ensure reasonable periodicity. This geometrical to flow
angle offset was therefore attributed to the cascade being too short.
5.2 Experimental Results Discussion
The new cascade (Build-B) developed for this work had the capability to study large
tip clearances with engine representative geometry and inlet conditions. The geome-
try had a much higher stagger angle and lower turning than previously investigated
with Build-A in Chapter 4. Previously for Build-A it was observed that the tip
clearance vortex behaved differently from low or intermediate pressure stages. It
was shown that the tip clearance vortex remained within the SS side of the passage
at nominal operating conditions. This vortex interacted with the blade and reduced
the pressure on the SS, increasing the blade loading towards the tip of the blade.
Increasing the clearance above 4%TC incurred no further increase in loss.
Measurements from the new cascade have shown similar results with more re-
alistic HPC inlet conditions and geometry, with a more comprehensive data set.
Traversing within the cascade passage gave a clear insight in to the progression of
the end-wall flows and in particular the tip leakage vortex and counter rotating
vortex. For this geometry the tip leakage vortex appeared to have a much higher
elongation in the pitch-wise direction. This was caused by the higher angle of the
traverse plane with the vortex trajectory than with the previous low stagger aero-
foil. The loss increase through the cascade varied with tip clearance and peaked
between 1%TC and 4%TC depending on the inlet boundary layer. Above this peak
a reduction in loss occurred with increased clearance until at 12%TC the loss was
approximately the same as without clearance.
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5.2.1 Effect of Tip Clearance Size
The effect of the tip clearance size was similar to previously reported results in
Chapter 4. The patterns of the variations due to the tip clearance size were the
same for both inlet conditions with slightly different magnitudes. Compared to the
previous cascade the pitch averaged exit yaw angle was higher than at inlet close
to the casing. This was most likely the result of the over tip leakage flow direction
which although not measured was expected to have a negative axial velocity. The
axial velocity within the casing region was almost zero creating a large blockage.
The trajectory of the tip clearance vortex was shown to move away from the
casing with increased tip clearance value which was to be expected because the
blade tip moves from the casing; interestingly the trajectory across the passage
differs with tip clearance as seen in the internal plots (Figures 5.8 to 5.13).
At the lower value of 2%TC (Figure 5.8 & 5.9) the tip clearance vortex core
moved away from the suction surface at approximately 0.4Cx and then proceeded
to move across the passage to approximately 0.3 pitch at the TE. With a 6%TC the
vortex core moved from the SS much later at approximately 0.6Cx and then moved
across the passage exiting at approximately 0.28 pitch from the SS. The vortex
core was weaker and smaller in size than for 2%TC. Increasing the gap further to
10%TC prolonged the detachment of the tip clearance vortex from the SS further to
0.8Cx. At the TE with 10%TC the vortex core was approximately 15% pitch from
the SS and therefore only filled approximately 30% of the pitch-wise passage. The
magnitude of the tip clearance vortex core was reduced with increased tip clearance.
As previously found, for Build-A, a secondary counter rotating vortex was evident
on the casing wall adjacent to the tip clearance vortex; this was a result of the
incoming casing flow, passing over the blade and tip clearance vortex, separating
from the wall due to the adverse pressure gradient (deceleration of the flow) and the
casing shear separating the flow. This in turn was found to create a counter rotating
vortex and therefore a blockage. A larger blockage was created with the larger tip
clearances as a result of the increased flow passing over the tip clearance vortex.
The area averaged loss for the outer 50% cascade annulus height showed that
increasing the tip clearance from 1%TC to 10%TC incurred an increase in loss
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though the cascade compared to the 0% case. Above this (12%TC) there was a
reduction in loss with increased TC. This was similar to Build-A (Chapter 4) where
the loss levelled of above 6%TC. However area averaged yaw showed a significant
reduction in turning through the cascade with increased TC.
5.2.2 Effect of Inlet Boundary Layer
Build-A reported results with a realistically skewed inlet of 10◦ relative to mid-span
but the boundary layer was unrealistically thin (within 10% span of the casing).
Build-B allowed for a realistic inlet boundary layer to be implemented and to be
compared to the cascade with a small, natural, boundary layer.
The pitch averaged exit plots at 1.2Cx (Figure 5.1) showed that with 6%TC or
less, only a small change in yaw angle with the increased skew was found. There
was an increase in yaw of less than 2◦ close to the casing and no significant radial
shift with the high skew inlet boundary. Above 6%TC an increase in exit angle of
10◦ close to the casing occurred and a radial shift (although small) away from the
casing was apparent. The area averaged exit angle (Figure 5.2(b)) indicated that for
the smaller tip clearance values the higher skew decreased the exit angle. Some of
this can be accounted for by a reduced mid-span inlet angle and therefore a reduced
blade loading and exit angle. Note however, that the total inlet angle with high
skew was higher (because of the higher boundary layer skew) than for the natural
skew boundary layer, therefore with the high skew inlet the turning through the
cascade was higher.
The inlet boundary layer had a significant impact on the stagnation pressure loss
at exit. The pitch averaged plots (Figure 5.1) show a significant thickening of the
exit loss regions and increase in the loss attributed to the TC vortex. However this
increase in loss was not a result of an increased TC vortex core loss as the contour
plots (Figures 5.8 to 5.13) clearly showed that the loss core was lower in magnitude
with the increased skew. The origin was an overall thickening of the loss area in the
casing region including the counter rotating vortex loss increase. Area averaging
the loss at 1.2Cx (exit) showed that there was an overall increase in loss at exit
with increased inlet skew. Subtracting the inlet loss profile from the exit profile,
5.3. Computational Investigation 144
resulted in a reduction in loss with the highly skewed inlet compared to the natural
inlet. Therefore the net loss increase through the cascade was reduced slightly by
the increased inlet skew.
It is not yet clear as to whether this reduction in loss was due to the increase in
a thickness of the inlet boundary layer or its skew. The increased skew opposed the
passage vortex but the increased thickness created a larger blockage and therefore
redistribution of the cascade mass flow which reduced the exit angle and therefore
the mid-span loss. This will be discussed further in Chapter 7 and comparison with
Build-A made to further the understanding of the effect of the skew.
5.3 Computational Investigation
Computational results are now presented for the Build-B. The boundary conditions,
CFD code and details of the grid used within this section were presented in Sec-
tion 3.5.4 on Page 85. The purpose of this section is to give explanation and insight
in to some of the the issues surrounding the experimental results. Firstly the CFD
results are validated against the experimental data. The effect of rotation with this
geometry is briefly investigated and then cascade results given.
5.3.1 Computational Results Validation
A validation exercise showed that the CFD predicted the flow trends correctly but
the magnitudes were not so good. Figure 5.30 compares exit (1.2Cx) pitch averaged
CFD results for the low skew against the experimental data previously given. Due to
the large amount of data the results have been split in to two plots; small clearances
≤ 4%TC, and large clearances ≥ 6%TC.
In general the CFD qualitatively predicted the pattern of the experimental data
well, but as with the previous cascade, quantitatively it failed to predict the low
clearance magnitudes correctly. At mid-span the CFD over predicted the loss which
was caused by the negative incidence angle and therefore a thicker PS boundary
layer. This was an effect of the low inlet angle which was also evident in the CFD’s
higher mid-span exit yaw angle. Within the end-wall region, again the 1%TC case
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showed the worst comparison; the CFD under predicted the thickness and magnitude
of yaw therefore under predicting the blockage and over predicting the loss. Above
and including 4%TC the agreement was much better; a slight over prediction in the
secondary flow thickness existed in the yaw and axial velocity. The loss however was
significantly over predicted but again qualitatively followed the trends. The blade
(a) Yaw, Small Clearances (b) Yaw, Large Clearances
(c) Cp0, Small Clearances (d) Cp0, Large Clearances
(e) Vx,Norm, Small Clearances (f) Vx,Norm, Large Clearances
Figure 5.30: Pitch Averaged CFD & Experimental Results Comparison at 1.2Cx
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loading was significantly under predicted compared to the experimental data. The
reason for this was the increasing inlet yaw angle towards the leading edge of the
cascade as found in Section 5.1.6. Therefore because within the CFD prediction the
measured inlet angle at -0.5Cx was specified the computational prediction was under
loaded compared to the experimental cascade. Figure 5.31 shows this under loading
within Cp plots. With no clearance (Figure 5.31(a)) the leading edge pressure surface
and the suction surface had a significantly different pressure profile for all span-wise
locations shown.
(a) 0%TC
(b) 6%TC
Figure 5.31: Blade Pressure Profile CFD & Experimental Results Comparison
The CFD blade loading profile suggested a negative incidence angle on to the
blade leading edge, and this explained the requirement for the boundary layer trip
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on the pressure surface to ensure convergence. Despite the under loading, the CFD
showed good agreement with the experimental data and similarly a reduction in
peak loading on the SS towards the tip was predicted. With a clearance of 6%TC
(Figure 5.31(b) again the CFD was under loaded but did show the experimental
patterns as discussed previously in Section 5.1.4.
5.3.2 Computational Results
The following are a selection of computational results which allow for comparison
with the experimental data and further understanding of the clearance flows. The
downstream contour plots (Figure 5.32) and pitch averaged results (Figure 5.33)
compliment the experimental data well. As with Build-A the CFD was over diffusive,
as seen in Figure 5.32, and therefore over predicted the loss. The loss again increased
in thickness from the casing but decreased in magnitude with increased clearance.
The same flow structures were evident with the CFD as with the experiment.
The area averaged exit loss and yaw for the outer 50% span are shown in Fig-
ure 5.34 and can be compared to the experimental data in Figure 5.2 on Page 150.
The exit yaw generally agreed well with the experimental data but the loss was
over predicted. Due to the over predication there was only a small reduction in loss
above the maximum loss which peaked between 4%TC & 6%TC. For the experi-
mental data it was found that the high skew inlet had a smaller net loss increased
across the cascade than for the low skew inlet. This was not the case with the CFD
and can be assumed as a result of the loss over prediction. Although the total loss
magnitude was different it does show that increasing the clearance had no signifi-
cant impact on the loss above a certain value but there was a penalty of an overall
reduction in turning.
The secondary loss increase through the cascade, shown by the grey symbols
with the dot-dash line in Figure 5.2, was found to differ from the experimental data.
With the experimental data the secondary loss was the same for both inlet conditions
far all clearances. The CFD however showed a higher increase in secondary loss for
the high skew inlet and the reason for this again is probably due to the CFD’s over
prediction in loss and the inaccurate specification of the inlet flow conditions within
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(a) Tip Clearances from 0%TC to 4%TC
(b) Tip Clearances from 6%TC to 12%TC
Figure 5.32: Natural Skew Inlet, CFD Cp0 Contour Plots at 1.2Cx
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(a) Natural Skew, Yaw (b) High Skew, Yaw
(c) Natural Skew, Cp0 (d) High Skew, Cp0
(e) Natural Skew, Vx,Norm (f) High Skew, Vx,Norm
Figure 5.33: CFD Results Pitch Averaged at 1.2Cx
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the CFD.
(a) Cp0 (b) Yaw
Figure 5.34: CFD, Area Mass Weighted Averaged Loss and Turning at 1.2Cx
(a) Total Blade Loading For Outer 50%Span (b) Blade Loading at Mid-Span
Figure 5.35: CFD, Total Blade Force Coefficient
The computational blade loading along the length of the blade is shown in Fig-
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ure 5.36. Although the magnitude of loading was lower, the patterns were again
similar. At mid-span there was a reduction in loading with increased clearance.
Towards the tip of the blade the increase in loading was larger for the low skew
case. Importantly for the low skew case there was also a reduction in loading from
mid-span to 0.9 span, this was important as it supported the experimental data.
(a) Low Skew, Absolute (b) High Skew, Absolute
(c) Low Skew, Zeroed at Mid-Span (d) High Skew, Zeroed at Mid-Span
Figure 5.36: CFD, Blade Force Coefficient
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5.3.3 Effect of Rotation
Computationally it was found for Build-A that the effect of relative casing motion
was limited and predictable. This section explores the effect of motion with Build-B
geometry, having higher stagger and lower loading. Figure 5.37 shows pitch averaged
plots at 20% axial chord downstream of the cascade of yaw angle, axial velocity and
loss, with and without relative casing motion with 6%TC and 10%TC.
The under-turning with 6%TC (Figure 5.37(a)) was significantly increased close
to the casing with motion but this was not observed in the axial velocity plots.
This was due to negative axial velocity fluid within the casing region resulting in
the CFD code giving non realistic values. The more realistic pitch averaged value
with 6%TC should be close to 80◦. With rotation the pitch averaged loss profile was
only changed marginally with motion. There was a decrease in loss on the casing
and a peak loss increase associated with the leakage vortex for the 6%TC case but
decrease with 10%TC occurred. A small reduction in the end-wall flow loss thickness
occurred. With the larger clearance compared to the smaller clearance there was a
smaller effect on the yaw and velocity but an increased effect on loss. An increase in
yaw of 9◦ occurred for 10%TC on the casing with motion, which was much smaller
than the smaller clearance yaw increase, but the loss increased by ≈ 0.25 as opposed
to ≈ 0.15 for 6%TC. The value of yaw with rotation for the small clearance was
however a questionable result and may have been due to an incorrect value from
the code. Certainly the axial velocity was negative within this region for the 6%TC
with rotation but not for the 10%TC clearance or the 6%TC without motion.
The pitch averaged plots (Figure 5.37) were undertaken at 20% axial chord
downstream of the blade (1.2Cx). To further the understanding the pitch aver-
aged changes Figure 5.38 shows loss contours through the cascade, from the leading
edge to the 1.2Cx plane, with and without rotation for 6%TC. It is clear from these
plots that the effect of motion was the same as for the low stagger cascade. The
motion enhanced the over tip leakage flow, effectively dragging the fluid through the
gap. This reduced the loss on the casing and the high loss counter rotating region.
A small shift in vortex trajectory was observed away from the suction surface and
closer to the casing, coupled with a lower pressure vortex core. The reduction of
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(a) Yaw & Axial Velocity, 6%TC (b) Total Pressure Loss, 6%TC
(c) Yaw & Axial Velocity, 10%TC (d) Total Pressure Loss, 10%TC
Figure 5.37: Pitch Average Plots Showing Effect of Relative Casing Motion at
1.2Cx
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loss on the casing also reduced the loss within the clearance region. This therefore
reduced the blockage within the clearance effectively increasing the clearance size
and therefore moving the roll-up of leakage vortex slightly down stream.
Figure 5.38 shows the internal Cp0 flow field with and without casing rotation.
A slight shift in leakage vortex location across the passage and towards the casing
occurs. This was similar to Build-A, the downstream plots were shown in Figure 4.1
on page 89. More low loss fluid was also seen to pass through the clearance at 0.6Cx
and 0.8Cx.
(a) No Rotation (b) With Rotation
Figure 5.38: Cp0 Contour Plots, Effect of Relative Casing Motion with 6%TC
This study showed that, as with Build-A, the casing motion had a small and
qualitatively predictable effect on the end-wall flows and that with increased clear-
ance the effect was reduced. Therefore the linear cascade results were valid for tip
leakage study.
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5.4 Discussion and Conclusions
5.4.1 Discussion
This chapter has utilized both experimental and computational techniques to in-
vestigate the tip leakage flows within a cascade of high stagger (46.5◦) and low
turning (≈ 10◦ turning) HPC engine representative geometry. This was in contrast
to Chapter 4 where the cascade had low stagger (14.2◦ and higher turning (≈ 30◦).
Remarkably similar results have been found for both cascades leading to the con-
clusion that the stagger and blade turning are not dominating factors influencing
HPC tip leakage flows. Rather the clearance size and stage turning had an impact
on the leakage vortex and blockage. The skew also had a small influence.
It has been shown that the leakage vortex rolls up at a position within the blade
passage of the highest peak loading and therefore the geometry can control this, but
also increasing the clearance postpones this. Of significant interest was the leakage
vortex trajectory dependence on clearance. For the larger clearances investigated
the leakage vortex remained close to the suction surface and passed out of the rear
of the cascade. This suggested that the vortex became independent of the casing
for the high clearances behaving more like a wing tip vortex and therefore should
be expected to create reduced blockage. Unfortunately a large blockage was still
created by the flow which passed over the tip of the blade, interacted with the
passage vortex and through the fluids shear on the casing formed a high loss region
adjacent to the leakage vortex.
Due to the large passage, low momentum, high loss region it is still unclear
how the clearance size affects the onset of stall. This high loss region blocked
the movement of the clearance vortex across the passage. Stall generally occurs
when the leakage flow moves around the front of the adjacent blade and therefore
increasing the clearance to a high value would suggest that stall could be postponed
by increasing the clearance. This potential was however thwarted by the fact that
increasing the clearance also reduced the turning in the row, and therefore the work
done, even if the blade loading was not significantly affected. Increasing the inlet
skew incurred a larger blockage area but reduced leakage vortex core strength. This
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would suggest that increasing the inlet skew would advance the onset of stall due to
the higher flow angle and leakage vortex trajectory shift.
Increasing the clearance increased the blockage within the cascade and this was
coupled with a decrease in turning. The CFD’s turning prediction was close to the
experimental data but the CFD predicted exit angle was offset from the experimental
data. The reason for this offset was the CFD’s inlet specification. The inlet angle
to the CFD was set as for the measurement plane -0.5Cx, however as shown the
angle on the blade was higher, therefore the CFD inlet angle was too low. The loss
was computationally over predicted due to excessive computational diffusion; this
was similarly found with the previous cascade. Despite the differences the CFD was
useful and found to complement the experimental data.
Experimentally an almost linear reduction in blade loading was observed from
mid-span to approximately 20% span from the tip of the blade. The reason for this
was initially unclear but because it was observed within the CFD this was a real
feature and not experimental error. Upstream traversing of the cascade showed no
significant change in inlet angle apart from within the boundary layer and therefore
the cause was an increase in pressure on the suction surface. This high pressure re-
gion was clearly evident in the experimental Cp0 contour plots through the cascade.
The mechanism was incoming low loss and high pressure fluid being moved against
the suction surface of the blade via interaction with the leakage or secondary flows.
This was also observed in the blade loading plots along the length of the blade; at
mid-span a low pressure bump occurred suggesting separation which although not
seen in the CFD (possibly because of the lower loading) then appeared to form a
higher loss suction surface region at the trailing edge (again evident in the experi-
mental contour plots, Figure 5.8 to 5.12 on Page 124 to 126). Closer to the casing
this separation was suppressed by the leakage vortex moving high energy (high pres-
sure) fluid on to the suction surface resulting in a thinner and in some cases almost
non existent blade wake towards the blade tip. This thinning of the blade wake
was not as evident within the CFD. An explanation was found in the blade loading
variation along the blade which was not as large as for the experimentation. The
reason was the under loading of the blade within the CFD prevented the suction
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surface separation.
For the higher clearances an increase in blade loading occurred towards the tip
of the blade; this counteracted the reduction in blade loading associated with the
end-wall flows as found with no clearance and the smaller clearances. Increasing
the inlet skew reduced this increase in blade tip loading because the leakage vor-
tex moved further from the suction surface of the blade. The CFD showed the
opposite affect to the experimental data, with increased skew the blade tip loading
was decreased, and therefore questioned the validity of using a pinch tip model to
mesh the clearance. Although for the higher clearances the pinch model appeared
a valid method for obtaining an acceptable downstream pitch averaged prediction,
it was not an appropriate option for obtaining an accurate prediction of the blade
tip loading.
The flow over the tip of the blade was shown to remain unattached over the end of
the blade for the larger clearance values but for the smaller clearances reattachment
occurred. This followed the predictions from literature. The lowest pressure on the
suction surface blade tip edge was found to be associated with the leakage vortex
role up and this moved downstream from approximately 0.3Cx with 1%TC to 0.8Cx
with 12%TC. The minimum pressure on the blade tip was reduced with increased
clearance suggesting lower velocity fluid as would be expected within a separated
region.
5.4.2 Conclusions
Tip clearance values between 0% and 12% span have been measured experimentally
with a naturally thin low skew inlet and a highly skewed thick inlet boundary layer
more representative of a real machine. The key findings are:
• Increasing the tip clearance above 1%TC incurs no further increase in loss
through the cascade. The loss reduces with increased tip clearance until
10%TC where the loss was similar to the 0%TC case.
• A reduction in mass averaged turning occurred with increased TC gap. With
12%TC the turning was halved compared to 0%TC.
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• Increasing the inlet boundary layer skew and thickness increased the exit gross
loss. However the net loss increase through the cascade was reduced.
• The tip clearance vortex remained close to the suction surface of the blade
rather than moving across the passage.
• This had the effect of increasing the loading on the blade and suppressing
suction surface separation.
• Overall similar results were obtained for both inlet skew configurations inves-
tigated.
These conclusions are derived from results at the design condition and may
change at off-design conditions.
Two different cascades, with different geometry and inlet conditions, have been
computationally and experimentally investigated. For both cascade the end-wall
flows were as expected, found to increase loss and reduce the turning within the
cascade. As explored in the literature many attempts have been made to reduce the
negative influence of such flows and circumferential grooves appeared a reasonable
method. The next chapter investigates leakage flows with circumferential casing
treatment implemented within Build-B. As changes were made to the cascade for
the following chapter the altered cascade was termed Build-B1.
Chapter 6
Build-B1, Casing Treatment
As discussed in Chapter 2 there are many reported methods for the reduction of the
blockage associated with over tip leakage flows. This chapter investigates the use of
circumferential groves as a method for reducing the blockage. The casing treatment
design chosen was that of Mu¨ller et al. [2007], which showed promising results in a
rotating transonic compressor test rig. Within this chapter the design, experimental
implementation, results and conclusions will be presented.
Circumferential casing treatment grooves were implemented on Build-B to form
Build-B1, this was undertaken using interchangeable casing modules to allow for
rapid alterations to the design to be made. These modules could be inserted from
the outside of the cascade through the casing. Two modules were constructed and
tested: firstly a smooth wall to represent the flat no casing teatment case; and
secondly the grooved design. The cascades casing wall modifications are shown in
Figure 6.1 where the casing module can be clearly seen. A significant re-build of the
cascade was required and therefore upstream traversing was undertaken to ensure
the correct inlet conditions and downstream traversing with the smooth module
ensured there was no unwanted effects on the compressor through flow from the
module. The natural and high skew inlets were investigated with a clearance value
of 6%TC with the smooth and grooved wall.
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Figure 6.1: Picture of Build-B After Casing Treatment Implementation
6.1 Casing Treatment Design & Implementation
The casing treatment design was similar to Mu¨ller et al. [2007] but altered slightly
for ease of manufacture. The groove design is shown in Figure 6.2, firstly Mu¨ller’s
design is shown and then the design used. There were 6 grooves that, for the
used design, commenced at 10%Cx and finished at 0.95%Cx with a groove width
of 10%Cx and distance between grooves of 5%Cx. The groove width to depth ratio
was 1/3 therefore the groove depth was 42mm deep which corresponded to 20.6%C,
30%Cx or 23.3% cascade span.
As already stated the grooves were implemented onto the cascade through ex-
changeable modules located in the casing. Figure 6.3 is a sketch of the modules and
Figure 6.4 shows a photograph of the grooves in the cascade. The modules extended
the full tangential length of the cascade and the grooves extended to approximately
half a pitch of the top and bottom passages of the cascade. 6 passages out of 8
were therefore fully covered by the grooves. The modules were made from the same
material (Medium-density Fibreboard) as the cascade wall.
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(a) Mu¨ller et al. design
(b) Used Design
Figure 6.2: Casing Treatment Groove Location
(a) Smooth Wall
(b) Grooved Wall
Figure 6.3: Casing Modules
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(a) View From Downstream (b) View From Hub
Figure 6.4: Pictures of Grooves in Location
6.2 Experimental Results
6.2.1 Cascade Inlet Conditions
Disassembly and reassembly of the cascade was required to implement the casing
treatment and this process might have altered the inlet boundary conditions. Up-
stream traversing was therefore undertaken at the inlet traverse plane (-0.5Cx) as
previously used and shown in Figure 3.17, on Page 73. A comparison between the in-
let conditions before and after the modification for both inlet conditions with 0%TC
are shown in Figure 6.5, showing pitch averaged results at inlet to the passages of
interest (Pass-1 to Pass2).
The inlet total pressure, shown as loss in Figure 6.5(a), was practically the same
after the changes as before; for both inlet conditions a slight decrease in loss at
mid-span and increase on the end-wall’s existed. The yaw (Figure 6.5(b)) increased
by ≈ 1◦ along the the majority of the span for the low skew. With the higher skew
there was a 1◦ increased offset at mid-span but the angle on the casing was decreased
by ≈ 2◦ compared with before the changes. The axial velocity (Figure 6.5(c))was
decreased at mid-span by ≈ 1ms−1 for both inlets, which complemented the yaw
angle shift. On the casing the low skew had a similar offset but with the high skew
the axial velocity was the same as before the changes. The difference in yaw angle
was similar to the estimated error in measurement at ±1◦
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(a) Pitch Averaged Cp0
(b) Pitch Averaged Yaw
(c) Pitch Averaged Vx
Figure 6.5: Inlet Conditions (-0.5Cx) Before and After Changes
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The reason for the changes in inlet condition were unclear but because the
changes were small this was accepted. To ensure a direct comparison between the
smooth and grooved casing downstream traversing was therefore undertaken with
the smooth wall after reconstruction and those results are used for comparison in
this section.
6.2.2 Exit Results
The flow structure downstream of the cascade is now shown and comparison made
between the smooth and grooved casing. The exit traverses location and grid file
was the same as for the previous results and was shown in Figure 3.17 on Page 73.
Comparison between the exit conditions before and after the rebuild can be found
by Williams et al. [2008c]. A brief description of the changes follow. With 0%TC at
mid-span the exit yaw angle was the same but there was a small reduction in loss
after the rebuild for both inlet conditions. Closer to the casing there was however
a reduction in over-turning of ≈ 3◦. This was coupled with a small reduction in
blockage on the casing. These changes followed for both the 1.2Cx and 1.5cx axial
traverse plane locations.
Figure 6.6 shows Cp0 contour plots at exit (1.2Cx) for both inlet conditions and
the smooth and grooved wall of Build-B1. With the smooth wall the contours closely
match those before the changes of Build-B shown in Figure 5.4 on Page 119. For the
smooth wall the contour plots (Figure 6.6) showed a small increase in leakage vortex
magnitude and increase in loss area along the cascade from top to bottom. This flow
structure indicated that the cascade was not truly periodic, however as this change
was small and because the difference between clearances was the important factor
this did not effect the results. With the circumferentially grooved casing treatment
the periodicity was greatly reduced. For the top passage measured there was little
change between casing modules but for the bottom cascade there was a significant
change. This suggested that the effect of of the grooves was established over several
passages and therefore the cascade was to short.
The pitch averaged (Figure 6.7) and area averaged (Figure 6.8) plots show a
doubling of the loss with the casing treatment. A change in flow direction in the
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bottom passage was also observed by the secondary velocity vectors indicating a
lower tangential velocity within the end-wall flows than within the other two passages
measured. As previously shown for 6%TC the effect of skew was small.
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Figure 6.6: Smooth vs. Grooved Casing, Cp0 Contour Plots, 6%TC at 1.2Cx
The effect of the grooved casing is shown in Figure 6.7, where pitch averaged
yaw, Cp0 and Vx,norm are plotted at 1.2Cx and 1.5Cx. This was for 6%TC and
therefore as previously found the effect of rotation was small compared to some of
the other clearances; the skew increased the loss by ≈ 0.1 in the end-wall region
and the Yaw and blockage were also marginally increased. With the grooved casing
treatment the effect of increased skew was the same as for the smooth casing.
The effect of the grooves was to: slightly reduce the angle at mid-span (increase
turning); significantly increase the yaw (decrease the turning) between 0.7 and 0.9
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(a) Low Skew Yaw (b) High Skew Yaw
(c) Low Skew Cp0 (d) High Skew Cp0
(e) Low Skew Vx,norm (f) High Skew Vx,norm
Figure 6.7: Smooth vs. Grooved Casing, Pitch Averaged Exit Plots, 6%TC
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span; and further reduce the turning on the casing. This was paralleled by a sig-
nificant reduction (0.1 of the dynamic head) in axial velocity between 0.7 and 0.9
span. A further reduction in turning and axial velocity with grooves was measured
at 1.5Cx which was more so than for the smooth wall. There was a significant in-
crease (≈ 0.1) in loss above 0.7 span with the grooved casing. It would also appear
that there was a decrease in loss between 1.2 and 1.5Cx this however was clearly
non-physical and was caused by a combination of the poor cascade periodicity and
pitch averaging boundaries capturing different flow features.
The loss was further investigated in Figure 6.8; Figure 6.8(a) shows the total
loss and Figure 6.8(b) shows the loss with the mid-span value deducted (Secondary
Loss). The negative loss at input for the low skew was caused by the position
of the pitot-probe and the poor total pressure periodicity. Both plots show the
exit loss with the inlet loss deducted i.e. net loss. Again some of the loss with the
grooved wall appeared to decreases from 1.2Cx to 1.5Cx but this was due to the pitch
averaging boundaries capturing different flow features. These plots clearly show that
an increase in overall loss of approximately 50% occurred with the circumferential
groove casing treatment compared to the smooth wall.
(a) Cp0 (b) Secondary Cp0 (Mid-span Subtracted)
Figure 6.8: Smooth vs. Grooved Casing, Area Averaged Cp0
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6.3 Discussion and Conclusions
Within this chapter circumferential grooves were investigated in a linear cascade.
The aim of circumferential grooves was to reduce the end-wall blockage and under-
turning without reducing efficiency or increasing loss. Within this work this was
undertaken at design condition. The circumferential grooves were implemented on
to Build-B by adding interchangeable casing modules to the cascade. Traversing
was undertaken to ensure a similar inlet to the previous measurement campaign
reported in Chapter 5, acceptably similar agreement was found to the previously
measured result.
The circumferential grooves were investigated through downstream traversing at
1.2Cx and 1.5Cx with a tip clearance of 6%, which was chosen because of its engine
applicability. Comparison was then made against the cascade with the smooth
casing module. The casing treatment was found to increase the loss and blockage
and decrease the turning, therefore opposite to the desired effect. The reason for
this was not entirely clear but was probably as a result of the poor periodicity of the
cascade and so linear cascades are not an appropriate method for investigating this.
The flow at exit of the cascade with the casing treatment had poor periodicity. At the
highest passage exit measured the grooves had little influence on the normal cascade
end-wall flows, but further down the cascade (Pass2 exit) there was a significant
change in the flow patterns. This suggested that the grooved effect required several
passages to develop and a 9 passage cascade was not long enough to investigate this.
Although it appears, from these results, that the grooves increase the loss and
blockage and decrease the turning at the operating condition the lack of periodic flow
means these results have to be viewed with caution. Therefore from these results
the author cannot stipulate if circumferential grooved casing treatment is benefi-
cial or not within high pressure compressor stages. Furthermore only one clearance
value, one operating condition with one casing treatment design were investigated.
Circumferential grooves have been proved to work for transonic flow where the flow
is affected by shocks and this may be a fundamental mechanism towards a positive
outcome. Further work is required to explore the practicalities and the flow physics
within the end-wall region with circumferential grooves. Unfortunately the appli-
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cation of a linear cascade, of the type used within this thesis, appears not to be
appropriate for such work.
This chapter failed to conclude if circumferential casing treatments are an ap-
propriate method for HPC stall margin increase. The use of linear cascade testing
was not appropriate for such investigations and a rotating method of investigation
should be used. The next chapter will explore and discuss the findings from this
thesis, link them to the literature and the industrial context.
Chapter 7
Overview and Discussion
Tip clearances representative of high pressure industrial axial compressors have been
investigated using experimental and computational techniques. Within literature
little work has been undertaken examining such clearances and the influence on
the compressor’s performance. This chapter will further the discussion undertaken
within the results chapters, pull together the findings of this thesis and relate them
to the literature.
The aim of this thesis was to: investigate the influence of large clearances on
compressor blade row loss and performance; investigate the influence of geometry;
investigate the influence of inlet conditions and inlet boundary layer skew on clear-
ance flows; and investigate methods for reducing the loss and blockage associated
within the endwall flows of such compressor rows.
This thesis used two different linear cascades with different geometry and inlet
flow conditions. The first cascade had low stagger and fairly high turning and
the second cascade had higher stagger with lower turning. Both cascades were
moderately loaded with a diffusion factor of approximately 0.3. The comparison
between the results of the two cascades will allow for the influence of the geometry,
inlet boundary layer, stagger and blade turning on the over tip leakage flow and its
effect on row performance.
Build-A (from Chapter 4) had low stagger (14.2◦) and high turning (≈ 30◦) unlike
Build-B (from Chapter 5) which was more engine representative with a high stagger
(46.5◦) and lower turning (≈ 10◦). Therefore the two geometries had a marked
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difference in mainstream (mid-span) flow. Despite their differences in flow angle the
diffusion factors of the cascades were similar. Build-A had a design diffusion factor
of 0.32 and Build-B’s was 0.29, both of which are low compared to a general design
value of 0.45 (as stated by Cumpsty [1989]).
7.1 Experimental and Computational Methods
The CFD within this thesis allowed for further investigation that was either not
possible or too time consuming if undertaken experimentally. All experimental and
computational investigations within this work concerned linear cascades. This al-
lowed for detailed measurement within the passage. The difference between the real
machine and the linear cascade was discussed and the influence of the relatively
moving casing investigated. Qualitatively the CFD over predicted the loss and over
diffused the flow structures. The simulations however predicted the endwall flow
structures well and the changes with increased clearance followed the experimental
pattern. For the small clearances in the region of 2%TC or less the prediction was
poor and this was found to be caused by the pinch meshing model. The outcome
was similar for both cascades.
7.1.1 Pinch Tip Model
The reason for this was because the pinch model predicts a vena-contracta over the
tip of the blade (e.g. Storer and Cumpsty [1991], Van Zante et al. [2000] & Gupta
et al. [2003]). However as explained in the literature if the flow reattaches on to
the tip of the blade then a vena-contracta cannot be assumed and fully meshing
the region is the better option. Glanville [2001] showed that if the aspect ratio of
clearance size to blade thickness was less than 0.4 then reattachment on to the blade
tip would occur. This was valid for this work where an aspect ratio of 0.4 equates
to a clearance size of ≈ 2.4%TC. Build-A’s downstream pitch averaged results for
0%TC and 6%TC showed good agreement between CFD and experimental results
but for the small clearances the agreement was poor suggesting that this criteria
held and the CFD was capable of modelling the flows. For Build-B the downstream
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pitch averaged CFD and experimental agreement (Figure 5.30) was poor at 2%TC
and below and also the blade tip pressure on the SS and PS edge was significantly
different. Above these values the agreement was better and the pressure on the tip
of the blade was similar on the SS and PS edge (Figure 5.26).
The use of a pinch tip was justified for the modelling of large clearances. If the
subject of this thesis had been small clearances then full meshing of the clearances
region would be required. The CFD aided with these investigations as it filled in
the gaps where experimentation was not undertaken.
7.1.2 Use of a linear Cascade
The choice of a linear cascade allowed for measurements surrounding the blades and
within the passage; the total pressure could also be measured. This would not have
been easy or practical within the rotating environment measurement which would
have been extremely complicated, expensive and difficult so beyond the scope of
the available resources. For both cascades, simulations were undertaken with a
stationary and moving casing to assess the differences. The result justified the use
of the linear cascade for this application.
The casing motion was found to pull the fluid on the casing through the clearance
and in doing so move the roll up point of the leakage vortex slightly upstream and
shift its trajectory slightly across the passage. A reduction in the relative shear on
the casing reduced the induced vortex and the cross passage flow and so reduced
their associated loss region. The relatively moving casing reduced the shear work
on the casing and because of its motion added energy to the passage in the relative
frame reduced the end-wall loss. The outcome of the motion was therefore found to
move the vortex slightly and decrease the loss within the end-wall region. A linear
cascade with a stationary wall therefore over predicts the loss and slightly under
predicts the leakage vortex’s trajectory.
A rotating test rig would further aid with these investigations in proving that
these findings are correct. The CFD modelling of a rotating machine would be
advantageous to decide if such experimentation were required.
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7.1.3 Upstream Skew Experimentation
Build-B included an upstream injection method to control the inlet boundary layer
skew and thickness; this was successful. The inlet boundary layer was found to move
the leakage vortex roll-up further upstream and move the leakage vortex slightly
further across the passage with an overall increase in blockage and loss. The change
on the casing in pitch averaged exit yaw angle and loss was found to be similar to
the change at inlet. For this work the conclusions for both inlet findings were similar
and so for future work it may not be necessary to simulate the correct upstream
conditions closely.
7.2 Tip Leakage Flow Discussion
7.2.1 Without Clearance
Without clearance both cascades showed the classic under-turning and then over-
turning of the flow towards the casing. The over-turning on the casing for Build-A
was much higher at ≈ 10◦ than for Build-B at ≈ 3◦. This over-turning on the casing
was therefore approximately three times higher for Build-A than Build-B, similar to
the mid-span percentage turning decrease. As Cumpsty [1989] explained this was
due to the higher camber and therefore turning of the blade in Build-A generating
a stronger passage vortex. The increased inlet skew for Build-B had little effect on
the over-turning.
Without clearance the end-wall loss increase through the cascade was small for
Build-A and Build-B with the high skew but Build-B with natural (low) skew had
a larger loss increase. Therefore the increase in skew on the casing appeared to
decrease the loss increase through the cascade. A credible explanation for this was
that the increased skew opposed the cross passage secondary vortex and therefore
reduced the suction surface corner separation. This appears to be a feasible expla-
nation when comparing the exit contour plots of Build-B (Figure 5.3 on Page 118
& Figure 5.4 on 119). Without clearance a more uniform loss area on the end-wall
across the full pitch was evident with the higher skew than the natural skew. Also
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the blade wake and end-wall interaction region showed the possibility of a small
separation with the natural (low) skew.
The CFD modelled the cascade without clearance well for both cascades. For
Build-A a clear passage vortex and corner separation was evident. An increased loss
area on the SS corner existed for Build-B showing that low momentum fluid had
gathered there. This fits with the increased camber of the blading with Build-A
setting up a stronger cross passage flow than for Build-B and therefore having a
stronger passage vortex and corner separation.
7.2.2 Small Clearance
With the small clearance of 1%TC, from the experimental data, Build-A still ex-
hibited over-tuning on the casing but Build-B had under-turning. The reason for
this was due to the higher camber of the blade increasing the cross passage flow.
This was evident in the experimental (Figure 4.5 on Page 95) and computational
(Figure 4.8 on Page 100) contour plots for Build-A with a clearly evident cross pas-
sage flow and induced counter rotating vortex adjacent to the leakage vortex. For
Build-B there was no cross flow associated with the passage vortex, but there was a
reduced tangential velocity and a loss region in place of the counter rotating vortex
suggesting that a weak feature may have existed there. The inlet skew had little
effect on Build-B’s exit angle. The CFD at low clearances showed reasonable flow
structure but the qualitatively results were poor.
With 2%TC both cascades had under-turning on the casing, of approximately
10◦. Again the skew had little effect (with 2%TC) on Build-B’s exit angle and
because the first cascade also had 10◦ of skew the geometries turning appeared
to have little influence on the under-turning at exit but rather the end-wall flow
structure.
For Build-A the passage vortex was clearly evident at 1%TC and reduced at
2%TC. For Build-B the CFD leakage vortex propagation was much larger and did
not match the experimental prediction. Therefore these results were not used.
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7.2.3 Large Clearance
With 6%TC both cascades (Build-A and Build-B with high skew) had a similar
under-turning of 30◦ on the casing. Therefore the exit under-turned angle was
not dependent on the geometry but instead the amount of skew on the casing at
inlet. This was further supported by the lower under-turning with natural skew for
Build-B; but also when comparing the CFD results of Build-A with no inlet skew in
Section 4.1.1 and Build-A with inlet skew in Section 4.3, the later had an increased
exit under-turning with the increased inlet boundary layer.
The roll-up point of the leakage vortex, for both cascades, was found to move
downstream with increased clearance as shown by Storer and Cumpsty [1991]. This
occurred for both inlet skew conditions of Build-B. Increasing the skew moved the
roll up point upstream which was also shown by Storer and Cumpsty [1991] and
also Brandt et al. [2002]. As well as the the roll-up of the leakage vortex moving
downstream with increased clearance the leakage vortex trajectory also remained
closer to the suction surface and was reduced in size for the larger clearances. The
leakage vortex therefore had reduced dependency on the end-wall, behaving more
like a wing tip vortex. This reduction in vortex size and strength reduced the overall
loss for Build-B compared to the small clearances and had no further increase in loss
for Build-A. This was however accompanied by a decrease in turning and increase
in blockage. The change in turning was due partly to the end-wall flows and also to
a mid-span change in blade loading. This result was of interest as if the compressor
could be designed to accommodate the blockage, then the loss increase would not
be as large as previously thought while having similar stage loading characteristics.
This would require the mid-span design to accommodate the redistribution in mass
flow caused by the clearance flows. Within the multi row environment, the next row
must also accommodate this redistribution and the end-wall flows.
Although the loss does not increase with increased clearance and for the higher
clearances, the yaw angle and blade length are reduced. Through an increase in the
blade loading at the tip, with increased clearance, the blade loading decrease was
not as significant as might be expected. The efficiency is however, still reduced with
increased clearance although no further increase in loss occurs. This is because of
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the reduced turning and shortened blade meaning that the work done by the row is
lower than with a small clearance with a longer blade and higher overall turning.
7.2.4 Loss Through Cascade
Figure 7.1 compares the experimental mass weighted averaged Cp0 loss increase, for
the outer 50% Span, of both cascades and both inlet conditions of Build-B. Without
tip clearance the loss increase for Build-B was approximately sixty percent of that of
Build-A. Removing the mid-span profile loss showed that the secondary loss increase
was similar for both cascades. A small clearance increased the loss for both cascades
and again at 1%TC the secondary loss increase was similar for both cascades and
inlet conditions. Between 2%TC and 6%TC Build-B’s loss plateaued but Build-A’s
secondary loss increased further until 6%TC. Above 6%TC Build-A’s secondary loss
CFD prediction plateaued and Build-B’s (for both inlet conditions) was reduced.
This reduction in loss for Build-B may have been partly due to the reduction in
cascade loading.
Figure 7.1: Area Mass Weighted Averaged Experimental Cascade Loss Compari-
son
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At small clearances the difference between secondary loss of both cascades was
small. The difference in secondary loss increased until at 6%TC Build-A’s secondary
loss increase was approximately twice that of Build-B. The geometries influence on
the secondary loss was therefore small with a small clearance, in the region of 1%TC;
and the geometries influence increased with increased clearance. This may be as a
result of the blade tip loading which with 6%TC was 0.15 for Build-A and 0.1 for
Build-B compared to mid-span. Suggesting that the blade tip leakage driving force
may have an influence on the loss increase through the cascade. This is perhaps
unfortunate as the increased tip loading also improved the overall blade loading of
the compressor. For this reason if large clearances are unavoidable, as within the
context of this thesis, then the geometry of the blade tip is essential to minimise the
secondary loss which is dominated by the leakage flows.
As the secondary loss increase was found to be the same for both inlet conditions
of Build-B then the effect of the inlet skew was found not to affect the loss increase
through the cascade but rather the blockage and leakage vortex trajectory. Any
further loss increase with increased skew in the machine must therefore be due to
the increased blockage and its effect on the downstream stator root corner separation.
7.2.5 Flow Coefficient
All testing and computations were undertaken reasonably close to design conditions
and therefore the blade row loading has not been considered within the testing
of both cascades. For a higher loading condition close to stall the features will
be somewhat different. Brandt et al. [2002] and Saathoff and Stark [1999] are two
examples of work within the literature which investigated the increase in row loading.
Both showed that with an increased inlet angle or higher loading, the vortex moved
across the passage and then eventually passed around the front of the adjacent
blade. When this occurred the compressor end-wall region stalled and the total
pressure increase was diminished from the operating point. No investigations have
been undertaken at higher loading, close to stall, within this thesis. However it is the
author’s view, that because increasing the clearance resulted in the flow becoming
less dependent on the casing, and therefore remaining closer to the blade suction
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surface, then this would delay the onset of stall.
Both Brandt et al. [2002] and Saathoff and Stark [1999] used a clearance of 3%
of the chord and therefore not representative of the HPC. However, interestingly
Brandt related the clearance to the incoming boundary layer thickness. He found
that increasing the inlet boundary layer thickness forced the roll up of the clearance
vortex to move upstream, similarly to increasing the clearance. This was also found
within this thesis for Build-B, for all the clearances measured the higher skew moved
the vortex roll-up upstream. Therefore increasing the boundary layer thickness
will have a detrimental influence on the stall mass flow, but as found for Build-B
increasing the clearance to a large value above 6%TC reduced the movement of the
leakage vortex across the cascade. As Hunter and Cumpsty [1982] and Saathoff and
Stark [2001] showed, one mode of stall which can occur in such compressor rows is
when the leakage vortex moves around the front of the adjacent blade. Therefore it
follows that postponing the movement of the vortex across the passage may postpone
the onset of stall. So increasing the tip clearance size may increase the stall margin
but this requires further work to assess this hypothesis.
7.2.6 Blade loading
For both cascades an increase in blade loading occurred at the tip of the blade with
the highest clearances. This feature was also reported by Storer and Cumpsty [1991]
who varied the clearance up to 4% of the chord. For their largest 4% clearance a
small increase in blade load at the tip was found, but for one and two percent they
had a decline in loading towards the tip. Both cascades, within this thesis, also
underwent an increase in loading above 4%TC and this was seen to increase further
up to approximately 8%TC where no further increase in blade tip loading occurred.
The mechanism behind this was found to be the interaction of the leakage vortex
with the SS of the blade. High velocity fluid within the vortex lowered the pressure
on the suction surface. This was also coupled with a reduction in PS pressure at
the tip of the blade which decreased in pressure with increased clearance. The
mechanism behind this was flow accelerating, and so undergoing a reduction in
pressure, around the tip of the blade.
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This again suggested that for these large clearances the clearance vortex became
independent of the casing. With Build-A the blade loading coefficient was increased
with clearance value until a plateau at 8%TC, however for Build-B there was a
reduction above 4%TC which was attributed to the blockage increase decreasing the
blade loading along the full length of the cascade. In Storer’s (Storer and Cumpsty
[1991]) case and with Build-A the blockage had less influence on the blade loading
away from the casing than with Build-B. The reason for this was due to the larger
blockage found with build-B than Build-A.
7.2.7 General Discussion
The choice of clearance within the engine is usually set for mechanical reasons. This
clearance is generally kept to a minimum as it significantly affects the operation of
the engine and this is indeed still the case within the HPC. The problem within the
HPC is that the clearance is larger than the optimum and cannot be reduced. It is
shown from these results that increasing the clearance is not as bad as previously
thought for HPC geometry. For Build-A a levelling and for Build-B a reduction
of loss was found with increased clearance. This was coupled with an increase in
blade loading towards the tip of the blade and therefore a smaller reduction in
blade loading than expected. This reduction in blade loading was partly due to the
reduction in blade length but also due to a reduction in the mid-span inlet angle.
A change in the operating condition of the inlet fan due to the increased cascade
blockage caused this; a change which may also occur within the real machine. A
significant reduction in turning was also found to occur with increased clearance;
which was a result of the increased exit skew area.
Above 6%TC the leakage vortex was found to move closer to suction surface.
This was however coupled with an increase in thickening of the end-wall loss and
low momentum fluid from the casing, so the overall blockage still increased. This
is an important result as it means that the stall of that stage may be reduced by
increasing the clearance. That is as long as the leakage vortex trajectory and the
velocity on the casing are the dominant factors which lead to stall. Therefore if
the engine stalls within that stage then increasing the clearance may be beneficial
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to increase the stall margin of the engine. This hypothesis would require further
investigation to assess it.
7.3 Casing Treatment
Casing treatment is generally used to decrease the blockage within a compressor and
therefore increase the operating range. Many forms of casing treatment have been
proposed within the literature and some of these have shown promising results with-
out reducing the efficiency. This thesis investigated the use of circumferential slots
within Build-B, termed Build-B1. The design chosen in conjunction with Alstom
was the same as used by Mu¨ller et al. [2007]. This design, as discussed in Section
2.7.4 on Page 40, had previously been reported to show potential within a rotating
transonic compressor test rig.
As the working mechanism of circumferential grooves can operate at low speed
and does not rely on the relative motion of the rotor and casing, it was thought that
the linear cascade may have been an appropriate testing method. Unfortunately the
periodicity of the cascade within the end-wall region was reduced to an unacceptable
level with the grooved casing. For the top passage exit measured (Pass-1) the effect
of the grooves was negligible. At the bottom measured passage exit (Pass-2) a
significant change occurred. This suggested that the casing treatment mechanisms
were formed over several passages. For this reason it was concluded that Build-B1
was not capable of such casing treatment investigations. The author speculates that
a longer cascade with more blades may have helped but cannot conclude if the linear
cascade is an appropriate method to use.
This casing treatment was found to incur a small decrease in turning, increase
in loss and increase in blockage at the cascades design point. However it was not
clear if this was a real result or due to the cascades poor periodicity. Furthermore
because this was undertaken at design condition it is not clear if this method would
aid the stall margin.
The working mechanism of circumferential grooves was investigated in the liter-
ature (e.g. Lu et al. [2006b], Mu¨ller et al. [2007], Perrot et al. [2007] and Yu [2004])
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and found to be the removal of the high pressure flow on the PS blade tip in to the
slots, thus reducing the immediate cross blade tip flow and the blade tip loading.
This removed flow then emerged within the passage low pressure region. A reduc-
tion in the over tip clearance flow momentum therefore reduced the clearance vortex
roll up keeping the leakage vortex closer to the suction surface of the blade. This
change in leakage vortex trajectory towards the blade suction surface and reduction
in core strength was evident within these results. Therefore the casing treatment
may reduce the onset of stall. The increase in total loss was associated with an in-
crease in the mid-pitch loss, which without casing treatment was associated with the
passage vortex and leakage vortex interaction. With the casing treatment this was
further complicated by the flow exiting the grooves. Further investigations would
be required to ascertain the internal passage flow physics.
Although these casing treatment results did not allow for any conclusions to be
made, it has shown that there is potential with this method. The leakage vortex
was moved closer to the blade’s suction surface which at higher row loading would
postpone stall. Therefore circumferential casing treatments could be used to increase
the operating range of high pressure compressors.
From the evidence it is unclear how the tip clearance size affects the use of casing
treatment. For the larger clearances investigated (smooth casing), it was found
that the clearance vortex became independent of the casing and the leakage vortex
remained close to the suction surface of the blade. This outcome is similar to how
circumferential grooves work and therefore increasing the clearance may be a more
appropriate method of controlling the stall margin rather than using circumferential
grooves. Increasing the clearance was shown in Chapter 5 to reduced the loss but
casing treatment generally increases the loss. The preferred method may therefore
be to increase the clearance.
Other groove designs within the literature may be an improvement. Perrot et al.
[2007] investigated the influence of each groove on a five equally spaced design. He
found that the first grooves in the row were of benefit at high throttling, but at
design conditions the later grooves were of benefit. Therefore if the HPC stages
are not the driving force behind engine stall, and the vortex always remains within
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the passage, then the first grooves may not be required and the later grooves could
reduce the blockage.
The next chapter will conclude this thesis. Some recommendations on potential
future work will also be given.
Chapter 8
Conclusions
This thesis aimed to further the understanding of relatively large tip clearance flows
such as those found within the high pressure stages of industrial gas turbines. A
measurement campaign on two compressor cascades was undertaken. Build-A con-
sisted of low stagger and reasonably loaded geometry and Build-B had greater engine
representative geometry with higher stagger and lower loading. The measurement
techniques used were 5-hole pressure probe measurements at inlet, within the pas-
sage and at exit, and blade surface static pressure measurements. Clearances up
to 6% of the span were investigated experimentally for Build-A and 12% span for
Build-B. Computational investigations on both cascades were also conducted and a
pinch tip meshing method was used to model the tip clearance region. The compu-
tational results were validated against the experimental data and used for further
investigation of the clearance flows. The computations allowed for additional clear-
ances to be examined ranging up to 10% of the span for Build-A and 12% span for
Build-B. Finally a circumferential grooved casing treatment was implemented on
Build-B to become Build-B1. This chapter draws together the key points from the
previous seven chapters and provides recommendations for future work.
In the introduction (Chapter 1 on Page 2) it was stated that the aim of this
thesis was to:
A - Investigate the influence of large clearances on compressor blade row loss and
performance.
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B - Investigate the influence of geometry.
C - Investigate the influence of inlet conditions and inlet boundary layer skew on
clearance flows.
D - Investigate methods for reducing the loss and blockage associated within the
endwall flows of such compressor rows.
The following conclusions fulfil these aims.
8.1 A - Influence of Large Clearances
• Increasing the tip clearance above 4% span incurred no further increase in
loss. For Build-A a small loss decrease occurred above this. With Build-B the
loss reduction was significant and at 12%TC the loss was similar to the no
clearance cascade.
• A reduction in cascade turning was found with increased tip clearance. For
Build-B the turning was reduced by 50% with 12%TC. This reduction in turn-
ing was caused by the leakage flows and the reduction in blade length.
• Increasing the clearance moved the vortex trajectory across the passage up
to 6%TC. Above this the vortex returned closer to the SS of the blade and
became independent of the casing.
• Increasing the clearance moved the roll-up point downstream.
• For the larger clearances the leakage flows became independent of the casing.
This was observed through no further increase in loss, turning, or axial velocity
on the casing itself. Further change with increased clearance in the exit pitch
averaged profile was associated with a thickening of endwall flow region and a
move away from the casing. Increasing the skew reduced the angle when this
occurred. With Build-B and low inlet skew this occurred at approximately
6%TC but for the higher skew of Build-A and Build-B (high skew) it was
postponed until 8%TC.
8.2. B - Influence of Geometry 185
• An increase in blade loading occurred close to the blade tip for both cascades
for larger clearances. This was due to the leakage vortex moving low pressure
fluid against the SS of the blade.
• With Build-A an increase in total blade loading per unit length occurred above
2%TC but for Build-B there was a reduction. This difference was due to Build-
A’s leakage vortex remaining closer to the suction surface of the blade, and
Build-B having a higher blockage indicated by the lower axial velocity within
the casing region. This higher blockage caused a reduction in mid-span loading
due to the consequent change in inlet angle.
8.2 B - Influence of Geometry
• Similar conclusions for both cascades were found. The flow features of large
tip clearance flows are therefore not significantly influenced by the geometry
within reason. This confirmed that the results for Build-A were relevant for
the HPC.
• The influence of the geometry on the loss increase through the cascade was
however significant as Build-A had a loss of almost twice that of Build-B. For
a small clearance the effect of the geometry on the loss was small.
8.3 C - Influence of Inlet conditions
• The inlet boundary layer skew and thickness had little influence on the reduc-
tion in turning with increased clearance.
• Increasing the clearance moved the leakage vortex roll-up point upstream.
• A greater skew lead to a reduction in the total loss increase through the cas-
cade, moved the leakage vortex roll-up upstream, and moved the vortex tra-
jectory further across the passage. The turning on the casing was influenced
by the increased skew and the difference in exit yaw angle was the same as
the difference in inlet skew. Increased skew had little or no influence on the
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secondary loss and so the decreased total loss was due to the mid-span loss
reduction. Which was a consequence of the increased blockage and therefore
reduced mid-span inlet flow angle.
• Increasing the clearance and the skew incurred a larger blockage in the cas-
ing region. Because of this a change in mid-span blade loading was incurred
and reduction in mass flow rate through the cascade. This therefore explains
the change in mid-span blade loading with increased tip clearance and skew.
This was more evident with Build-B, and more so with the higher inlet skew,
because of its larger blockage.
8.4 General Conclusions
• Both cascades had an approximate plateau of loss with increased clearance. A
small reduction in loss occurred for both builds above 6%TC however this may
have been a result of the change in loading of the cascade brought about by
the higher blockage rather than a reduction in secondary loss generation. The
inlet skew and boundary layer thickness had little influence on the secondary
loss increase but it did have an effect on the blockage and vortex trajectory.
Therefore the increased skew reduced the overall loss increase because of the
reduced mid-span loss. The effect of the skew was therefore to reduce the
turning of the row and so the work done and pressure rise of the cascade. This
would have a significant influence on the downstream stator.
• The geometry had the largest influence on the loss increase through the cascade
and so it is the authors’ recommendation that this is the primary concern for
the designer. Build-A with low stagger and high turning had a much larger
secondary loss increase for the larger clearances than Build-B with high stagger
and low turning. Although with 1%TC the loss increase of both cascades was
similar. As the under-turning increased with skew but the loss did not, the
difference would appear to be the stagger angle of the blades and so this should
be of concurn to the designer.
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• A pinch tip CFD meshing model was reasonable for the investigation of large
tip clearances as it predicted the flow features well. For small clearances
this method was not appropriate and therefore struggled to predict the flows
correctly. This was because the pinch tip failed to model the physics of the
flow over the blade correctly. For small clearances the flow reattached on to
the end of the blade rather than remaining separated.
• The computational studies showed that a moving endwall enhanced the tip
leakage flows. A reduction in the cross passage flow also occurred and therefore
the passage vortex was suppressed. This strengthening of the flow and the
reduction in the passage vortex moved the leakage vortex slightly across the
passage and closer to the casing. The relative motion also reduced the loss
on the casing (in the relative frame) and the secondary induced vortex loss
area; and so the total loss was reduced. Increasing the clearance reduced the
influence of the casing motion on the end-wall flows.
8.5 D - Loss and Blockage Reduction Techniques
• The use of linear cascades to investigate circumferential casing treatment is not
appropriate as the periodicity of the cascade became unacceptable. Length-
ening the cascade may have helped, but this is only speculation.
• Circumferential casing treatment should be feasible within these stages but
would require significant effort to find a design that will be appropriate. This
method unlike many other casing treatments does not rely on transient and
compressible effects so it is the author’s view that circumferential casing treat-
ment is one of the more promising methods within the literature.
8.6 Recommendations for Future Work
• This thesis has aided in the understanding of the effect of the clearance flow
within a single rotor row. No investigations in the rotating row, stage or multi-
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row context were undertaken and this is therefore an obvious extension of the
research.
• This thesis has clearly shown that the increase in loss for the large clearances
is not as bad as may have been expected. In fact for Build-B the loss was
reduced from the 1% tip clearance case, and not dissimilar to that of the stage
without clearance. Unfortunately the increase in clearance also reduced the
turning and therefore the row loading and ultimately the work done by the
row.
The under-turning in the multi-stage environment has the effect of reducing
the angle at entry to the stator resulting in a negative angle of attack on to
the following stator blade. This may create a large separation on the stator
blade casing corner creating loss. The multi-stage environment is of significant
importance and so further investigation to understand the multi-row influence
on the overall stage loss is required.
• All work within this thesis has been undertaken at design conditions. If the
compressor was operated at higher loading and so closer to stall, it is unclear
from these results how the clearance size would influence this. It was found
that for the highest clearances the vortex became independent of the casing
and remained close to the suction surface of the blade. The blockage was
increased with clearance this was due to a thickening of the end-wall flows
with increased clearance rather than a reduction in velocity on the casing.
Therefore from this it is possible to hypothesize that large clearances may
increase the stall margin. This is therefore a further area of research.
Further testing at the off design condition is required to investigate
if increasing the clearance would increase the stall margin. The cascade’s
periodicity was found to be poor at higher loading (increased inlet angle) and
so this investigation would need to be undertaken using a rotating machine,
computationally or perhaps within a longer cascade.
• A pinch tip method to model the clearance was justified for this work because
of the large clearances involved. For small clearances this method is not ap-
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propriate as it fails to model the leakage flows realistically. Full meshing of
the clearance region is essential with smaller clearances.
• As has been shown in this thesis the influence of a large clearance is detrimental
to stage performance compared to a very small clearance. It was hoped that the
deployment of circumferential grooves would have demonstrated a reduction
in these adverse effects, but this was not established with these experiments.
A method of controlling these flows, decreasing the under-tuning through the
cascade and increasing the operating range would be advantageous and is a
further area of research.
• The circumferential casing treatment design used was found to increase the
loss and blockage through the cascade. These results were unreliable as the
cascades periodicity was poor. This was thought to be due to the cascade being
too short for such tests but it is unclear if a longer cascade would improve these
results. The author therefore suggests that the testing of casing treatment is
not possible within linear cascades. Rotating machine CFD or experimentation
would be required.
• The casing treatment was tested only at design condition and not at increased
row loading where it may be expected to be of benefit. Therefore varying the
row loading is important to fully understand the effects of casing treatment.
• The design chosen for this work was taken from Mu¨ller et al. [2007] and was a
design for a transonic machine. For this reason this design may not have been
appropriate for the low speed compressor. Although it requires substantial
computational effort a design tailored to the needs of the HPC should be used
in future work.
• It was beyond the scope of the time available for this thesis to investigate large
tip clearances in the multi-row environment and this is therefore a further
area of interest. With the reduction in loss, reduction in turning and possible
increase in stall margin associated with such large clearances it may be possible
for the compressor to be adapted to work with these flows rather than trying
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to suppress them. It was clearly shown that there was a significant change in
mid-span flow with the end-wall blockage and this therefore must be accounted
for in the design of the compressor.
This thesis has given some insight, through numerical and experimental investi-
gations, into the flows at large tip clearances within the HPC. The work undertaken
significantly increased the understanding of these flows and it is hoped will be useful
for the compressor designer.
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Appendix A
Build-B Supplementary Results
The following results are those taken at 1.5Cx for Build-B. These results comple-
ment those presented in Chapter 5.
(a) Cp0 (b) Yaw
Figure A.1: Area Mass Weighted Averaged Loss and Turning at 1.5Cx
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(a) Natural Skew, Yaw (b) High Skew, Yaw
(c) Natural Skew, Cp0 (d) High Skew Skew, Cp0
(e) Natural Skew, VX,norm. (f) High Skew, VX,norm.
Figure A.2: Pitch Averaged Exit Traverse at 1.5Cx
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(a) Clearances 0%TC to 4%TC
(b) Clearances 6%TC to 12%TC
Figure A.3: Natural Skew Inlet Cp0 Contour Plots at 1.5Cx
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(a) Clearances 0%TC to 4%TC
(b) Clearances 6%TC to 12%TC
Figure A.4: High Skew Inlet Cp0 Contour Plots at 1.5Cx
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(a) Clearances 0%TC to 4%TC
(b) Clearances 6%TC to 12%TC
Figure A.5: Natural Skew Inlet Vx,norm Contour Plots at 1.5Cx
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(a) Clearances 0%TC to 4%TC
(b) Clearances 6%TC to 12%TC
Figure A.6: High Skew Inlet Vx,norm Contour Plots at 1.5Cx
Appendix A. Build-B Supplementary Results 207
(a) Natural Skew (b) High Skew
Figure A.7: 4%TC Internal Traverse Cp0 Contour Plots
(a) Natural Skew (b) High Skew
Figure A.8: 4%TC Internal Traverse Vx,norm Contour Plots (Normailsed With
VIsentropic)
Appendix A. Build-B Supplementary Results 208
(a) Natural Skew (b) High Skew
Figure A.9: 8%TC Internal Traverse Cp0 Contour Plots
(a) Natural Skew (b) High Skew
Figure A.10: 8%TC Internal Traverse Vx Contour Plots
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(a) Natural Skew (b) High Skew
Figure A.11: 12%TC Internal Traverse Cp0 Contour Plots
(a) Natural Skew (b) High Skew
Figure A.12: 12%TC Internal Traverse Vx,Normalised Contour Plots (Normailsed
With VIsentropic)
Appendix B
Supporting Papers
This appendix contains the 3 conference papers that were produced for the work
within this thesis.
These papers include Williams et al. [2006], Williams et al. [2008d] and Williams
et al. [2009]. Williams et al. [2008d] was also converted to a journal of turboma-
chinery paper.
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